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Abstract 


Foundational  works  that  may  pave  the  way  for  utilizing  localized  surface  plasmon 
resonances  for  plasma  generation  have  been  carried  out.  Super-resolved  vibrational  imaging  of 
thin  films  has  been  demonstrated.  A  far-field  microscope  that  allows  correlated  dark-field 
scattering  and  surface  enhanced  Raman  scattering  measurements  have  been  developed.  Using 
methylene  blue  as  model  molecular  system,  chemical  transformation  induced  by  plasmon 
enhanced  resonant  excitation  of  adsorbates  has  been  reported  for  the  first  time.  Surface  enhanced 
Raman  scattering  spectroscopy  reveals  that  methylene  blue  is  transformed  to  thionine  through 
plasmon  driven  demethylation  reaction.  The  experimental  results  suggest  that  singlet  oxygen  is 
involved  in  the  reaction.  The  involvement  of  singlet  oxygen  may  have  implications  in  many 
other  plasmon  driven  chemical  processes.  The  initial  results  have  stimulated  new  research 
directions  for  the  coming  several  years  in  collaboration  with  scientists  at  the  Air  Force  Research 
Lab,  Kirtland  Air  Force  Base,  to  detect  gaseous  products,  and  ultimately  plasma  formation. 
Three  research  articles  have  been  published.  Three  graduate  students  and  three  female 
undergraduate  students  have  been  participating  in  this  research  project.  The  majority  of  the 
students  are  from  historically  under  represented  group  of  society. 
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1.  Introduction 


The  generation  of  plasma  from  condensed  and  gaseous  phase  target  materials  have  been 
intensively  investigated  using  pulsed  lasers  with  nanosecond  (10~9  second))  to  femtosecond  (10" 15 
second)  pulse  durations.1"3  Laser  ablation  (LA)  and  laser-induced  breakdown  spectroscopy 
(LIBS)  are  notable  processes  that  involve  plasma  generation  using  pulsed  laser  sources.  LA  and 
LIBS  have  attracted  considerable  research  interest  because  of  applications  in  materials 
identification  and  the  fundamental  chemistry  and  physics  involved  in  the  process.4’  5  For 
example,  matrix-assisted  laser  desorption  and  ionization  (MALDI)  is  a  well-established 
technique  for  identification  and  quantification  of  molecular  solids  by  analyzing  the  ionized 

l : 

species  using  mass  spectrometry.  LIBS  has  now  become  a  powerful  analytical  tool  for  analysis 
of  materials  including  on  the  surface  of  Mars.3 

Plasma  formation  involves  ionization  of  atomic  and  molecular  species  that  require  high  laser 
power  (>108  W/cm2),  which  is  easily  attained  when  nanosecond  and  shorter  pulses  are  used.  As  a 
result,  plasma  studies  to  date  have  been  based  on  pulsed  laser  sources,  which  are  usually  bulky 
and  expensive.  The  near-field  properties  of  localized  surface  plasmon  resonances  may  be  used  to 
generate  plasma  using  low  irradiance  of  continuous  wave  (CW)  lasers.  For  example,  there  have 
been  attempts  in  the  past  to  enhance  high  harmonic  generation  (that  involves  high  field 
ionization)  using  plasmonic  nanoantennas7  but  the  possibility  of  generating  plasma  using  CW 
laser  sources  remains  unexplored.  In  addition,  in  the  past  studies,  analysis  of  the  photochemical 
reactions  is  lacking  and  the  generation  of  high  harmonic  signals  has  been  debated.8 

In  this  project,  we  have  carried  out  foundational  experiments  that  have  provided  important 
insight  into  surface  plasmon  driven  surface  photochemical  processes.  Significant  technical 
advances  in  optical  measurements  have  been  achieved.  Chemical  mapping  using  super-resolution 
near-field  scanning  optical  microscopy  has  been  demonstrated.  A  far-field  microscope  for 
correlated  dark-field  scattering  and  surface  enhanced  Raman  scattering  (SERS)  spectroscopic 
measurements  has  been  developed.  Self-assemblies  of  plasmonic  nanoparticles  on  different 
substrates  have  been  tested  to  achieve  maximum  enhancement  of  Raman  scattering.  Using 
methylene  blue  (MB)  as  a  model  system,  we  have  demonstrated  surface  plasmon  enhanced 
resonant  excitation  that  leads  to  N-demethylation  reaction  under  visible  light  irradiation  (k  =  633 
nm)  at  low  photon  flux.  The  chemical  changes  are  monitored  by  detecting  the  vibrational 
signatures  of  the  reactant  and  product  species  in  situ  using  SERS  spectroscopy.  Drastic  temporal 
evolution  of  SERS  spectra  has  been  observed  upon  continuous  irradiation.  While  the  SERS 
spectra  acquired  immediately  after  irradiation  are  the  same  as  the  Raman  spectrum  of  MB  solid 
powder,  the  spectra  recorded  a  few  seconds  later  are  remarkably  similar  to  that  of  thionine  solid 
powder,  indicating  N-demethylation  of  MB.  No  demethylation  reaction  has  been  observed  under 
resonant  excitation  (k  =  633  nm)  of  MB  adsorbed  on  non-plasmonic  surfaces.  Similarly, 
excitations  of  plasmon  resonances  at  532  and  808  nm  wavelengths  that  do  not  overlap  with  the 
MB  electronic  transition  do  not  lead  to  transformation  of  MB  to  thionine.  The  reaction 
mechanism  is  discussed  in  terms  of  resonant  excitation  of  MB  and  hot  electron  transfer  to 
adsorbed  species.  Considering  that  both  MB  and  thionine  have  large  SERS  signal  due  to  the 


1 


Approved  for  public  release;  distribution  is  unlimited. 


combination  of  resonance  Raman  and  electromagnetic  enhancement  effects  that  provide  high 
detection  sensitivity,  the  demethylation  reaction  will  likely  serve  as  a  convenient  model  system 
for  future  mechanistic  studies. 

2.  Results 

2.1  Demonstration  of  super-resolution  vibrational  imaging 

Understanding  surface  chemistry  is  a  longstanding  grand  challenge  with  tremendous  impact 
in  heterogeneous  catalysis  and  other  industrial  applications.  Plasmon  induced  surface  chemical 
process  is  not  an  exception  of  this  challenge.  Understanding  these  surface  processes  require 
detection  of  species  adsorbed  on  the  solid  surface  and  the  species  gas  phase  desorbing  from  the 
surface.  Apertureless  near-field  scanning  optical  microscope  (ANSOM)  (Figure  1)  allows  us  to 
map  the  topography  and  vibrational  fingerprints  of  the  material  simultaneously  with  the 
resolution  of  atomic  force  microscope  (AFM).  To  this  end,  we  have  installed  tunable  infrared 
laser,  the  output  which  can  be  tuned  to  match  the  vibrational  frequency  of  a  specific  chemical 
bond  and  obtain  chemical  contrast  as  demonstrated  in  Figure  2. 


Inelastic  scattering 
(a)  -Raman  scattering 

•Emission 


Distance  (nm) 


~§ 

Mirror 
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Figure  1  Apertureless  near-field  scanning  optical  microscope  experimental  setup,  (a)  Schematics  of  our 
ANSOM  setup.  Linearly  polarized  laser  light  is  focused  at  the  AFM  tip- sample  interface  using  a  parabolic 
mirror.  The  broadband  parabolic  mirror  collects  the  scattered  light  through  the  right  (elastic  scattering)  and  left 
(inelastic  scattering)  channels,  (b)  Simultaneously  recorded  topography,  optical  amplitude  and  optical  phase 
images  of  gold  nanorods  obtained  at  633  nm  excitation  wavelength,  (c)  Optical  image  plasmon  gap  mode  of 
coupled  gold  nanobars,  demonstrating  optical  resolution  on  the  order  of  10  nm.  Vibrational  imaging  is 
accomplished  with  same  optical  resolution  by  using  near-infrared  laser.  Inelastic  scattering  can  be  detected 
simultaneously  using  single  photon  counting  avalanche  photodiode  detector  (APD).  Spectra  are  recorded  by 
directing  the  scattered  light  into  the  spectrometer.  BS  =  beamsplitter,  PI,  P2  =  polarizers  1,  2  and  HWP,  QWP 
=  half,  quarter  waveplates. 
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The  mid-infrared  quantum  cascade  laser  (QCL,  Daylight  Solutions  Inc.)  is  broadly  tunable 
with  -0.1  cm"1  accuracy  in  important  spectral  regions  covering  the  carbonyl  vibrational 
frequencies  as  well  as  the  carbon-oxygen  and  carbon-nitrogen  single  bond  stretching  frequencies. 
For  demonstrating  the  optical  contrast  mechanism  and  sensitivity  of  the  infrared  near-field 
optical  imaging  technique,  we  have  prepared  a  poly(methyl  methacrylate)  (PMMA)  film  that  has 
thickness  variation  across  the  silicon-PMMA  boundary  and  the  results  obtained  at  excitation 
laser  line  close  to  the  C=0  stretching  frequency  of  the  carbonyl  group  of  the  PMMA  are 
presented  in  Figure  2.  Comparing  the  topographic  and  optical  images  as  well  as  the 
corresponding  line  profiles,  it  can  be  seen  that  as  we  cross  from  bare  Si  substrate  to  the  PMMA 
film,  (i)  the  optical  amplitude  and  phase  start  to  decrease  and  increase,  respectively,  immediately 
after  the  Si  surface  is  covered  with  very  thin  film  of  PMMA,  and  (ii)  the  minimum  and 
maximum  of  the  optical  amplitude  and  phase,  respectively,  coincides  with  the  maximum 
thickness  observed  in  the  topography.  In  addition,  the  infrared  absorption  properties  of  residual 
islands  of  PMMA  on  Si  wafer  are  discernible  on  the  left  portion  of  the  optical  amplitude  and 
phase  images.  The  observed  optical  amplitude  and  phase  contrast  is  consistent  with  the 
resonance  and  dielectric  properties  of  the  vibrational  absorptions  and  it  is  this  principle  that  will 
be  utilized  in  the  identification  of  chemical  changes  by  probing  the  target  materials. 


Topography 


0  92  nm 

Optical  amplitude  (infrared  absorption  contrast)  at  X  =  5.80  pm  or  l/X  =  1724  cm1 


Optical  phase  (infrared  absorption  contrast) 


Distance  (pm) 


Figure  2  Simultaneously  recorded  topography,  infrared  optical  amplitude  and  optical  phase  images  of  PMMA  on 
silicon  wafer.  Simultaneously  recorded  topography,  infrared  optical  amplitude  and  optical  phase  along  with  the 
lineprofiles  (across  the  dash  lines  drawn  on  the  images)  plotted  on  the  right  side  of  the  corresponding  images.  The 
optical  images  are  obtained  at  laser  line  1724  cm'1  that  is  close  to  the  resonance  frequency  of  C=0  double  bond 
stretching  vibrations  of  the  carbonyl  group  of  poly(methyl  methacrylate)  (PMMA). 

2.2  Correlated  dark-field  scattering  and  SERS  spectroscopy 

Considering  that  plasmon  resonance  energies  are  extremely  sensitive  to  their  surrounding 
chemical  interfaces,  determining  the  resonances  of  the  plasmonic  nanostructures  as  they  are 
assembled  on  the  SERS  substrate  is  critical  to  understand  and  optimize  surface  chemical 
processes.  To  this  end,  our  optical  microscope  is  customized  for  correlated  plasmon  resonance 
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and  SERS  measurements  on  any  substrate  regardless  of  transparency.9, 10  Sequential  detection  of 
the  dark-field  scattering  and  SERS  using  the  same  objective  (0.9  NA,  lOOx)  is  achieved  by 
modifying  the  GX51F5  Olympus  microscope  as  shown  in  the  schematic  in  Figure  3.  For  the 
dark-field  scattering  measurement,  the  sample  is  excited  with  100  W  halogen  white  light  source. 
For  SERS  experiments,  the  samples  are  excited  with  laser  lines.  More  than  90%  of  the  light 
collected  from  the  sample  through  the  objective  is  directed  to  the  spectrometer  (IsoPlane 
Spectrograph  of  Princeton  Instruments)  that  uses  a  thermoelectrically  cooled  (-75  °C)  and  back- 
illuminated  deep  depletion  CCD  camera,  while  the  remaining  signal  is  directed  to  the  Olympus 
UC30  camera  that  is  attached  to  the  microscope  for  imaging  the  dark-field  scattering  of  the 
sample.  The  dark-field  scattering  (bottom-left  corner  in  Figure  3)  and  SERS  (top-right  corner  in 
Figure  3)  from  the  same  area  are  recorded  simply  by  switching  the  excitation  source  from  the 
white  light  to  the  laser  line,  while  all  the  optical  components  and  the  sample  remain  stationary. 
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Figure  3  Schematic  showing  excitation  and  detection  layout  for  elastic  (dark-field  scattering)  and  inelastic  (Raman 
scattering)  measurements.  The  dark-field  image  of  AuNRs  AuF  is  shown  at  the  bottom-left  corner,  and  the 
corresponding  example  SERS  spectrum  is  shown  on  the  top-right  comer. 


2.3  Plasmon  enhanced  resonant  excitation  and  chemical  transformation 

Surface  enhanced  photochemistry  was  proposed  theoretically11,  12  and  demonstrated 
experimentally13'19  soon  after  the  discovery  of  SERS.20,  21  Examples  of  plasmon-driven 
photochemical  reactions  include  decomposition  of  organic  molecules,16,  18,  22  oxidative  azo- 
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coupling  of  self-assembled  para-aminothiophenol,9’ 23-27  dissociation  of  hydrogen  molecules,28 
conversion  of  aldehydes  to  esters,29  and  demethylation  of  methylene  blue,10  all  at  room 
temperature.  However,  the  mechanism  of  plasmon  driven  photochemistry  remains  poorly 
understood.  Although  hot  plasmon  electron  transfer  to  adsorbed  species  has  been  proposed  as  an 
important  step  in  plasmon  driven  reaction,28’  30  determining  the  chemical  identity  and  electronic 
state  of  reactive  intermediates  is  a  grand  challenge.  In  addition  to  hot  electron  transfer,  the 
surface  chemistry  can  also  be  induced  by  electronic  excitation  of  the  adsorbate,  plasmon  heating 
and  surface-molecule  interaction,  and  all  of  these  processes  can  be  interdependent.  Systematic 
study  of  this  complicated  surface  chemistry  can  be  facilitated  by  choosing  a  good  model  system 
that  is  convenient  to  monitor  the  progress  of  the  reaction  in  situ.  In  particular,  reactant  and 
product  species  with  large  Raman  scattering  cross-section  provides  a  convenient  platform  for 
probing  the  reaction  in  situ  using  SERS  as  a  sensitive  vibrational  spectroscopy. 

To  this  end,  we  have  been  investigating  the 
photochemistry  of  methylene  blue  (MB),  and  the 
preliminary  results  indicate  that  MB  can  be  used 
as  an  excellent  model  system  for  mechanistic 
studies  of  plasmon  driven  photochemical 
processes.  The  experiment  was  initiated  using 
633  nm  excitation  wavelength  by  adsorbing  MB 
on  plasmonic  gold  nanorods  (AuNRs).  The 
excitation  wavelength  overlaps  with  both  the 
electronic  transition  energy  of  MB  and  the 
plasmon  resonance  of  the  AuNRs.  Under 
continuous  illumination  of  the  MB-AuNR 
sample,  the  SERS  spectra  evolve  as  a  function  of 
time  as  shown  in  Figures  4a.  That  is,  new 
vibrational  bands  have  appeared  a  few  seconds 
after  the  excitation  laser  is  turned  on  as  indicated 
by  the  vertical  dashed  lines  in  Figure  4a.  The 
SERS  spectrum  acquired  immediately  after 
illumination  (blue  line)  is  the  same  as  the  normal 
Raman  spectrum  of  MB  solid  powder  (black 
line).  On  the  other  hand,  the  SERS  spectra 
acquired  a  few  seconds  after  illumination  (red 
line)  are  similar  to  the  normal  Raman  spectrum 
of  thionine  solid  powder  (green  line).  In 
particular,  the  peak  at  479  cm-1  that  is  the  most 
intense  in  the  red  spectrum  is  completely  absent 
in  the  Raman  spectrum  of  MB.  Similarly,  the 
peak  at  804  cm-1  is  attributed  to  NH2  rocking 
vibration  of  thionine,  and  cannot  be  assigned  to 
MB.  The  evolution  of  the  spectra  is  attributed  to 


Figure  4.  Temporal  evolution  of  SERS  spectra  of 
resonantly  excited  MB  on  resonantly  excited 
plasmonic  AuNRs.  (a)  Representative  SERS  spectra 
of  MB  recorded  at  the  time  delays  indicated  on  the 
plot  (to  ~  0.5  s,  acquisition  time  of  a  single  spectrum) 
compared  to  the  normal  Raman  spectra  of  MB  (black 
line)  and  thionine  (green  line)  solid  powders,  (b) 
Proposed  chemical  transformation  responsible  for 
the  spectral  evolution. 

plasmon  driven  N-demethylation  reaction  that  transforms  MB  to  thionine  as  illustrated  in 

Figure  2b. 

We  have  recently  published  the  first  observation  of  this  demethylation  reaction.10  However,  the 
detail  of  the  mechanism  is  yet  to  be  explored.  The  reaction  is  convenient  for  systematic 
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mechanistic  studies  because  both  MB  and  thionine  have  large  Raman  scattering  signals  due  to 
the  combination  of  electromagnetic  and  resonance  enhancement  effects  in  the  visible  spectral 
region.31  As  a  result,  the  progress  of  the  reaction  can  be  monitored  in  situ  with  high  sensitivity 
using  SERS.  In  the  following  sections,  the  plausibility  of  different  mechanisms  is  rationalized 
and  the  involvement  of  singlet  oxygen  is  hypothesized  based  on  experimental  observations  and 
experiments  that  are  relevant  to  test  the  hypothesis  are  proposed. 

2.3.1  Direct  excitation  of  adsorbate  states 

Based  on  excitation  wavelength  dependent  anti- 
Stokes  to  Stokes  Raman  intensity  ratio,  Linic  and  co¬ 
workers  have  proposed  direct  charge  excitation  in  MB 
adsorbate,  where  the  plasmon  electron  is  directly 
promoted  to  unoccupied  orbital  in  the  surface- 
molecule  complex.32, 33  Anti-Stokes  to  Stokes  Raman 
intensity  ratio  as  high  as  34  has  been  observed  at  X,  = 

785  nm  excitation  wavelength,  while  the  ratio  is  less 
than  one  at  X  =  532  nm.32  Since  none  of  these 
excitation  wavelengths  overlap  with  the  electronic 
transition  energy  of  MB,  the  observation  of  higher 
anti-Stokes  to  Stokes  intensity  ratio  at  785  nm  has 
been  attributed  to  resonant  excitation  of  adsorbate 
states  that  may  have  significantly  different  transition 
energy  from  isolated  MB  molecule.  ’  This 
interpretation  is  based  on  an  assumption  that  electron 
transfer  can  increase  the  population  of  excited 
vibrational  energy  level,  and  it  is  open  for  debate. 

More  importantly,  no  chemical  transformation  of  MB 
has  been  observed  in  the  experiments  by  Linic  and  co- 
workers.  ’  This  indicates  that  even  if  there  is  direct 
electron  injection  into  the  unoccupied  adsorbate  state, 
it  does  not  initiate  chemical  reaction.  It  should  also  be  noted  that  the  electronic  absorption  band 
of  MB  on  surfaces  can  appear  anywhere  between  500  nm  and  800  nm  depending  on  the  cluster 
size  of  MB  (monomer,  dimer,  trimer,  etc)34'36  that  has  to  be  controlled  through  careful  sample 
preparation  to  achieve  adsorption  of  monomers  as  opposed  to  aggregates. 

We  have  compared  the  Stokes  and  anti-Stokes  Raman  scattering  intensities  at  633  nm 
excitation  wavelength  as  shown  in  the  intensity  map  of  representative  vibrational  bands  of  the 
MB  reactant  and  thionine  product  signals  in  Figure  5.  Clearly,  the  anti-Stokes  to  Stokes  Raman 
intensity  remains  very  small  and  constant  during  the  continuous  illumination  and  acquisition  of 
data  for  over  200  seconds  as  shown  in  Figure  5c.  This  observation  confirms  that  the  type  of 
charge  excitation  proposed  by  Linic  and  coworkers  has  no  role  in  the  plasmon  N-demethylation 
of  MB. 

Experimental  observations  and  theoretical  calculations  indicate  that  MB  is  weakly  adsorbed 
on  gold  and  silver  surfaces.  Comparing  the  blue  and  black  spectra  in  Figure  4a,  it  can  be  seen 
that  the  vibrational  frequencies  of  MB  adsorbed  on  gold  surface  and  regular  Raman  spectrum  of 
MB  solid  powder  agree  within  ±3  cm'1.  This  negligible  vibrational  frequency  shift  is 
characteristic  of  weak  surface-molecule  physical  interaction.37  We  have  also  verified  that  the 
absorption  spectrum  of  MB  adsorbed  on  gold  surface  is  slightly  blue-shifted  and  broadened 
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Figure  5.  Comparison  of  (a)  Stokes  and  (b) 
anti-Stokes  Raman  intensities  of  the  449  cm"1 
band,  (c)  Stokes  to  ant-Stokes  intensity  ratio 
plotted  as  a  function  of  time. 
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compared  to  the  solution  phase  absorption  spectrum  but  no  new  bands  are  observed.  Consistent 
with  these  experimental  observations,  recent  theoretical  calculations  by  Hua  Guo  and  co¬ 
workers38  show  that  the  adsorption  of  MB  on  gold  and  silver  surfaces  has  little  impact  on  the 
geometry  of  MB.  The  theoretical  work  also  shows  that  the  frontier  orbitals  of  MB  on  gold 
surface  remains  distinct  despite  some  broadening  due  to  the  interaction  with  the  metal  surface. 
The  center  positions  of  the  lowest  unoccupied  molecular  orbital  and  highest  occupied  molecular 
orbital  energies  of  MB  are  only  slightly  shifted  from  the  gas  phase  values.  It  is  well  known  from 
extensive  studies  of  chemical  enhancement  mechanism  of  SERS  that  metal  to  molecule  and  vice 
versa  charge  transfer  takes  place  when  the  analyte  molecules  are  adsorbed  to  the  surface  strongly 
through  chemical  interactions,  which  clearly  is  not  the  case  for  MB. 

2.3.2  Experimental  observations  and  proposed  mechanism 

In  order  to  narrow  down  the  possible  mechanism  for  the  observed  N-demethylation  reaction 
and  propose  validating  experiments,  we  have 
tested  the  photochemistry  of  MB  at  different 
excitation  wavelengths,  and  the  results  are 
summarized  as  follows. 

2.3.2. 1  Excitation  of  MB  and  plasmon 
resonances  leads  to  demethylation.  As 

discussed  above,  excitation  of  the  MB-AuNR 
sample  with  light  energy  that  overlaps  with  both 
the  electronic  transition  energy  of  MB  and  the 
plasmon  resonance  of  the  AuNR  transforms  MB 
to  thionine.  This  conclusion  is  based  on  in  situ 
SERS  spectra,  in  which  the  vibrational 
signatures  evolve  from  that  of  MB  to  that  of 
thionine  as  a  function  of  time  as  shown  in 
Figures  2  and  3. 

2.3.2.2  Excitation  of  plasmon  resonances 
but  not  MB  does  not  lead  to  demethylation.  In 

this  experiment,  the  excitation  wavelengths  (532 
nm  and  808  nm)  are  chosen  such  that  they 
overlap  with  the  plasmon  resonances  of  the 
nanoparticles  but  not  with  the  electronic 
transition  energy  of  MB.  As  shown  in  Figure 
6a,  the  plasmon  resonances  of  aggregates  of  MB 
treated  gold  nanospheres  (AuNSs,  40  nm 
diameter)  and  AuNRs  (40  nm  diameter  and  148 
nm  length)  overlap  with  the  532  nm  and  808  nm 
excitation  wavelengths,  respectively,  more 
significantly  than  with  the  633  nm  line. 

Representative  SERS  spectra  acquired  30  seconds  after  continuous  irradiation  are  compared  in 
Figure  5b.  The  vibrational  signatures  of  thionine  are  observed  in  the  SERS  spectra  obtained  at  X 
=  633  nm  for  both  the  AuNSs  (black  line)  and  AuNRs  (green  line),  where  the  prominent  peaks  of 
thionine  at  479  cm'1  and  804  cm'1  are  indicated  by  the  vertical  dashed  cyan  lines.  In  contrast,  no 
vibrational  signatures  of  thionine  have  been  observed  at  the  532  nm  (blue  line)  and  808  nm  (red 


Figure  6  Illustration  of  the  importance  of  excitation 
energy  overlap  with  the  electronic  transition  of  the 
molecule  for  the  surface  reaction  to  take  place,  (a) 

Dark-field  scattering  spectra  of  aggregates  of  AuNSs 
(blue  line)  and  AuNRs  (red  line)  functionalized  with 
MB  and  deposited  on  silica  surface,  (b)  SERS  spectra 
of  MB  adsorbed  on  the  AuNS  and  AuNRs  recorded 
30  s  after  the  excitation  lasers  are  on.  The  vertical 
dashed  cyan  lines  indicate  the  vibrational  frequencies 
of  thionine. 
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line)  excitation  laser  lines  despite  the  more  significant  spectral  overlap  of  the  plasmon 
resonances  with  the  corresponding  wavelengths  as  illustrated  in  Figure  6a.  This  wavelength 
dependent  spectral  evolution  confirms  the  necessity  of  the  electronic  excitation  of  the  molecule 
for  the  demethylation  reaction  to  take  place. 

2. 3. 2. 3  Excitation  of  MB  on  non-plasmonic  surfaces  does  not  lead  to  demethylation.  We 

have  verified  that  the  demethylation  reaction 
does  not  take  place  in  the  absence  of  plasmon  s 
resonances.  That  is,  no  new  vibrational  bands  are  § 

-9 

observed  when  MB  is  adsorbed  on  non-  & 

plasmonic  surfaces  (e.g.  glass,  platinum,  | 

aluminum  and  gold)  and  excited  with  the  633  nm  ~ 

excitation  laser  line  that  overlaps  with  the  s 

electronic  transition  energy  of  MB.  An  example  | 

is  shown  in  Figure  7,  where  the  Raman  spectra  a 

of  MB  adsorbed  on  gold  film  remains  essentially 
the  same  upon  continuous  illumination 
regardless  of  the  incident  laser  power  intensity.  FigUre  7  Raman  spectra  of  MB  adsorbed  on  gold 
The  spectra  in  Figure  7  were  acquired  at  film  in  the  absence  of  plasmonic  nanoparticles, 
irradiation  intensity  of  -100,000  W/cm2  at  which 

the  demethylation  of  MB  was  not  observed.  In  contrast,  in  the  presence  of  plasmon  resonances, 
the  demethylation  reaction  can  be  observed  at  incident  laser  intensity  of  100  W/cm2.  This 
observation  underscores  the  importance  of  plasmon  resonances  for  the  demethylation  reaction. 


2.3.2A  The  reaction  mechanism  may  involve 

demethylation  reaction  does  not  take  place  when  MB 
suggests  that  the  mechanism  may  involve  hot  plasmon 
has  been  reported  that  photocatalytic  N-demethylation 
requires  the  presence  of  oxygen.39'41  In  particular 
Takizawa  et  al  demonstrated  systematically  that  anionic 
oxygen  was  responsible  for  initiating  the  demethylation 
of  MB  and  Rhodamine  B  on  CdS  catalyst.39  Transient 
anionic  oxygen  created  via  hot  plasmon  electron 
injection  has  also  been  implicated  in  the  surface 
photochemistry  of  para-aminothiophenol.  ’  ’  These 

past  experimental  observations  suggest  that  the 
demethylation  of  MB  in  our  experiment  is  likely 
initiated  by  anionic  oxygen. 

On  the  other  hand,  electron  transfer  to  triplet 
oxygen  (ground  state)  can  be  ruled  out  based  on  the 
observation  that  the  demethylation  reaction  does  not 
take  place  at  532  nm  and  808  nm  excitation 
wavelengths  that  overlap  with  the  plasmon  resonances 
but  not  with  the  MB  electronic  transition  energy.  The 
requirement  of  the  electronic  excitation  of  the  adsorbed 
molecule  clearly  indicates  that  the  excited  state 
dynamics  of  MB  are  involved  in  the  reaction.  The 


singlet  oxygen.  The  fact  that  the  N- 
is  adsorbed  on  nonplasmonic  surfaces 
electron  transfer  to  adsorbate  species.  It 


MB  (Si 


Figure  8.  Energy  diagram  of  methylene 
blue.  The  singlet  ground  state  (So)  to  singlet 
excited  state  (Si)  transition  is  followed  by 
the  inter-system  crossing  (ISC)  to  the  triplet 
state.  Efficient  energy  transfer  from  Ti  state 
to  molecular  oxygen  (302)  creates  singlet 
oxygen  (102). 
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solution  phase  excited  state  dynamics  of  MB  is  well  documented43’  44  and  can  be  used  as 
important  background  information  in  investigating  its  photochemistry  on  plasmonic  metal 
surfaces.  As  shown  in  Figure  8,  absorption  of  visible  light  ( e.g .  X  =  633  nm)  promotes  MB  from 
singlet  ground  state  (So)  to  singlet  excited  state  (Si).  After  singlet-triplet  intersystem  crossing 
(quantum  yield  ~0.5), 45  highly  efficient  energy  transfer  to  triplet  molecular  oxygen  generates 
singlet  oxygen  with  quantum  yield  close  to  unity,46  a  reason  for  wide  use  of  MB  as 
photosensitizer  in  photodynamic  therapy.46 

The  known  excited  state  behavior  of  MB  combined  with  our  experimental  observations 
summarized  above  suggests  that  the  demethylation  of  MB  is  initiated  by  hot  plasmon  electron 
transfer  to  singlet  oxygen  that  may  form  complexes  with  MB  adsorbate.  Singlet  oxygen  is  known 
for  its  strong  reactivity  toward  surfaces  and  organic  molecules.46  However,  experimental 
validation  of  the  proposed  mechanism  requires  spectroscopic  detection  of  singlet  oxygen.  In  the 
future,  we  wish  to  provide  direct  experimental  evidence  for  the  generation  of  singlet  oxygen  by 
measuring  its  phosphorescence,  which  is  known  to  appear  at  -1270  nm. 

It  is  important  to  note  that  the  critical  role  of  singlet  oxygen  in  plasmon  driven 
photochemistry  may  not  be  specific  to  the  demethylation  of  MB.  In  fact,  plasmonic  metal 
nanoparticles  can  serve  as  an  effective  photosensitizer  to  generate  singlet  oxygen.47  On  the  other 
hand,  typical  plasmon  driven  or  assisted  photochemical  reactions  involve  molecular  oxygen.26’ 48 
However,  the  electronic  states  of  the  molecular  oxygen  (singlet  or  triplet)  that  is  involved  in  the 
chemical  transformation  have  to  be  explored  through  further  experimental  innovations. 

3.  Summary 

In  summary,  this  research  project  has  been  transformational  to  Habteyes  group  to  open  up 
new  and  exciting  research  directions.  Foundational  works  that  may  pave  the  way  for  utilizing 
localized  surface  plasmon  resonances  for  plasma  generation  have  been  carried  out.  Super- 
resolved  vibrational  imaging  of  thin  films  has  been  demonstrated.  A  far-field  microscope  that 
allows  correlated  dark-field  scattering  and  surface  enhanced  Raman  scattering  measurements 
have  been  developed.  Using  methylene  blue  as  model  molecular  system,  chemical 
transformation  induced  by  plasmon  enhanced  resonant  excitation  of  adsorbates  has  been  reported 
for  the  first  time.  Based  on  the  experimental  results,  the  involvement  of  singlet  oxygen  has  been 
proposed.  Three  research  articles  have  been  published.  The  initial  results  have  stimulated  new 
research  directions  for  the  coming  several  years  in  collaboration  with  the  scientists  at  the  Air 
Force  Research  Lab,  Kirtland  Air  Force  Base.  Three  graduate  students  and  three  female 
undergraduate  students  have  been  participating  in  this  research  project.  The  majority  of  the 
students  are  from  historically  under  represented  group  of  society. 
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ABSTRACT:  We  report  the  transformation  of  near-infrared  CdSeTe/ZnS 
quantum  dots  (QDs)  that  are  exposed  to  water.  When  the  colloidal  QDs 
with  840  nm  emission  wavelength  and  75  nm  spectral  line  width  are  self- 
assembled  on  water  surface  and  transferred  to  an  oxide-coated  silicon 
wafer  using  a  Langmuir— Blodgett  (LB)  procedure,  two  prominent 
relatively  sharp  photoluminescence  (PL)  bands  are  observed  at  ~630 
and  ~660  nm  peak  wavelengths  with  line  width  of  ~23  and  ~39  nm, 
respectively.  On  the  other  hand,  the  PL  spectrum  of  the  QDs  as  they  are 
assembled  on  the  water  surface  is  essentially  the  same  as  that  of  the 
solution  phase.  Structural  analysis  of  the  LB  films  shows  that  the  QDs  are 
stripped  off  the  stabilizing  excess  surfactant  molecules  by  the  preferential 
interaction  at  the  water— air  interface.  After  the  film  is  transferred,  the  QDs 
are  interfaced  with  each  other  and  with  the  substrate  directly,  while 
covered  with  the  stack  of  surfactant  molecules  from  the  top.  Based  on 
analysis  of  the  chemical  composition  using  X-ray  photoelectron  spectroscopy  of  the  LB  film,  the  transformation  of  the  CdSeTe/ 
ZnS  nanocrystals  is  attributed  to  a  diffiision  of  Te  atoms  from  the  core  to  the  shell  that  can  initiate  inward  diffusion  of  S  atoms. 
This  atomic  interdiffusion  minimizes  lattice  mismatch  as  the  larger  Te  atoms  are  replaced  by  the  smaller  S  atoms  and  can  lead  to 
formation  of  either  CdSe/ CdS  or  CdSeS  nanocrystals  that  emit  at  630  and  660  nm  wavelengths,  respectively. 


■  INTRODUCTION 

As  the  synthesis  of  semiconductor  nano  crystals  is  advancing, 
understanding  their  behavior  under  different  environmental 
conditions  is  critically  important  for  many  applications 
including  biological  imaging,1  solar  cells,2-4  and  detection.8-7 
To  date,  chemical,  photochemical,  and  photophysical  studies  of 
semiconductor  nanocrystals  have  been  focused  on  binary 
nanocrystals  such  as  CdSe,8-18  CdTe, 19-22  PbS, 23-27  and 
PbSe28-30  quantum  dots  (QDs).  In  general,  for  these  binary 
QDs,  the  expected  changes  in  optoelectronic  properties  are 
related  to  chemical  modification  of  the  crystal  surfaces  that  can 
be  passivated  by  growing  higher  band  gap  materials^1-^  and 
surface  chemical  treatments. 34-^8  One  of  the  attractive 
characteristic  of  semiconductor  QDs  is  tunability  of  their 
band  gap  energy  or  emission  wavelength  simply  by  changing 
their  size  for  a  fixed  material  composition.39  However,  the 
tunability  afforded  by  size  variation  is  limited  and  does  not 
allow  covering  the  NIR  spectral  region,  for  example,  using  the 
most  common  CdSe  and  CdTe  nanocrystals.  QDs  that  absorb 
and  emit  NIR  photons  are  needed  for  both  biological  imaging 
(due  to  the  deeper  penetration  of  NIR  radiation  into  tissues 
than  visible  wavelengths)40,41  and  for  solar  cell  applications  as 
the  NIR  region  covers  a  significant  portion  of  the  solar 
spectrum.  Alloyed  ternary  nanocrystals  such  as  CdSe^Te^ 
provide  broader  band  gap  tunability  to  cover  the  700—900  nm 
spectral  region  via  variation  of  the  composition  x  42-44  This  has 
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been  the  motivation  for  the  continual  advancement  of  chemical 
synthesis  of  alloyed  nanocrystals.43,45-49  However,  the  behavior 
and  stability  of  alloyed  nanocrystals  can  differ  from  the  binary 
nanocrystals  drastically  because  of  the  lattice  mismatch  between 
the  binary  components,  and  yet  postgrowth  studies  of  physical 
and  chemical  properties  is  lacking.  Understanding  their  stability 
and  behavior  under  different  environmental  exposure  is 
critically  important  for  any  technological  application.50 

In  this  work,  using  CdSe1_xTex  QDs  as  model  systems,  we 
study  the  transformation  of  alloyed  nanocrystals  self-assembled 
on  water  surface.  The  formation  free  energy  (A A)  of  an  alloyed 
CdSe^Te*  nanocrystal  at  its  equilibrium  configuration  o  can 

i  ...  42,51 

be  written  as 

AA(cj)  =  A(x,  o)  —  [(l  —  ^)AcdSe(acdSe) 

+  A:AcdTe(acdTe)  +  E(x)]  (l) 

where  A,  AcdSe,  and  AcdXe  are  the  Helmholtz  free  energies  of 
the  alloy,  pure  CdSe,  and  pure  CdTe,  respectively,  containing 
the  same  number  of  Cd  atoms;  acdSe  and  acdTe  are  the 
equilibrium  lattice  constants  of  the  binary  compounds;  and 
E(x)  is  the  strain  energy  cost  to  maintain  lattice  coherence  at 
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Parabolic  mirror 


Figure  1.  Schematic  of  the  microscopy  and  spectroscopy  setup.  Collimated  laser  beam  is  focused  at  the  tip— sample  junction  using  a  parabolic  mirror 
and  collected  on  the  opposite  side  using  the  same  parabolic  mirror.  The  emitted  light  is  detected  using  the  single  photon  counting  module  (SPCM) 
or  the  CCD  spectrometer  to  obtain  spectral  information.  Photoluminescence  (PL)  intensity  images  are  obtained  by  recording  the  output  of  the 
SPCM,  while  the  sample  is  raster  scanned.  The  PL  intensity  and  AFM  images  of  the  same  sample  area  are  obtained  simultaneously  or  sequentially  so 
that  structural  and  optical  information  are  correlated.  After  scan  images  are  obtained  spectral  information  on  a  specific  area  is  recorded  by  centering 
the  region  of  interest  in  the  laser  focus  and  directing  the  light  to  the  spectrometer. 


the  interface.51  For  solids,  where  the  volume  change  is 
negligible,  the  changes  in  the  internal  energy  (A  17)  and 
enthalpy  (AH)  can  be  assumed  equal,  and  the  Gibbs  free 
energy  change  (AG  =  AH  —  TAS)  can  be  used  in  place  of  A  A 
=  A 17  —  TAS,  where  T  is  temperature  and  AS  is  entropy 
change.  Generally,  AH  is  positive  that  results  in  large  miscibility 
gap  in  the  x—T  phase  diagram,  where  the  binary  components 
phase  separate  and  exist  at  their  equilibrium  lattice  constants. 
Extensive  theoretical  studies  by  Zunger  and  co-workers  show 
that  the  interfacial  strain  energy  can  lower  AH  to  an  extent  that 
it  can  be  negative,  resulting  in  growth  conditions  in  which 
ordered  alloyed  and  superlattice  crystal  structures  can  be 
formed  even  at  room  temperature.51,52  However,  depending  on 
the  thermodynamic  and  kinetic  conditions,  atomic  interdiffu- 
sion  can  transform  the  fabricated  alloyed  nanocrystals  to 
different  crystal  forms  and  compositions. 

Atomic  interdiffusion  in  epitaxially  grown  semiconductor 
heterostructures  has  been  observed  for  various  systems 
including  GeSi/Si53,54  and  InGaAs/GaAs55,56  interfacial 
structures  at  much  lower  temperature  than  expected  according 
to  the  activation  energy  required  for  atomic  diffusion.  Although 
the  reason  for  the  low  temperature  interdiffusion  has  been 
debated57  following  the  first  report,5  it  is  likely  that  the  lattice 
strain  enhances  crystal  defect  concentration  that  is  known  to 
facilitate  atomic  diffusion.  Interfacial  diffusion  has  also  been 
observed  in  colloidal  nanorods  with  CdTe/CdSe  hetero¬ 
junction,  where  the  diffusion  of  Te  and  Se  atoms  across  the 
junctions  results  in  nanorods  with  reduced  length-to -width 
aspect  ratio  and  uniform  composition  across  its  length  and 
width.58 

This  work  is  focused  on  providing  experimental  evidence  for 
the  transformation  of  NIR  CdSeTe/ZnS  core/shell  QDs  to 
red-emitting  nanocrystals  when  the  NIR  QDs  self-assembled  on 
water  surface  and  transferred  to  a  solid  substrate.  The  crystal 
transformation  is  studied  by  analyzing  the  photoluminescence 
(PL)  spectral  characteristics  as  it  has  been  successfully  applied 
in  previous  studies  of  interdiffusion  in  epitaxially  grown 
semiconductor  heterostuctures.56  The  interpretation  of  the 
PL  data  is  supported  by  analysis  of  the  chemical  composition 
using  XPS  as  well  as  structural  and  size  analysis  using  atomic 


force  microscope  (AFM)  and  transmission  electron  microscope 
(TEM).  When  the  alloyed  QDs  that  emit  at  840  nm  are 
assembled  on  water  surface,  transferred  to  an  oxide  coated 
silicon  wafer,  and  photoexcited,  two  new  emission  peaks  at 
~630  and  ~660  nm  are  observed,  which  are  assigned  to  CdSe 
and  CdSeS  core  nanocrystals,  respectively.  A  plausible 
mechanism  is  suggested  for  the  crystal  transformation.  The 
alloyed  CdSeTe/ZnS  core/shell  QDs  are  likely  to  be  in 
metastable  state  due  to  lattice  mismatch  and  the  strain  energy 
cost  as  wells  as  concentration  of  point  defects.  There  is  about 
6%  lattice  mismatch  between  CdSe  and  CdTe  and  17% 
between  ZnS  and  CdTe.5  Lattice  strain  is  believed  to  increase 
concentration  of  point  defects55  that  reduces  the  resistance  for 
diffusion  compared  to  in  a  perfect  crystal.60  On  the  other  hand, 
the  lattice  mismatch  is  minimized  if  the  relatively  larger  Te 
atoms  are  replaced  by  S  atoms  through  the  process  of  atomic 
interdiffusion. 

■  EXPERIMENTAL  SECTION 

Sample  Preparation.  The  CdSeTe/ZnS  core/shell  QDs 
suspended  in  toluene  were  obtained  from  the  NanoOptical 
Materials  Inc.  To  make  the  solution  suitable  for  LB  procedure, 
the  toluene  solvent  was  evaporated  in  vacuum,  and  the  QDs 
were  resuspended  in  chloroform  to  attain  concentration  of  10 
mg/mL.  The  LB  films  were  prepared  on  oxide  coated  silicon 
wafer  that  was  cleaned  by  sonicating  in  acetone,  isopropanol, 
and  ultrapure  water  for  5  min  each,  followed  by  5  min 
ultraviolet  ozone  treatment  (Novascan  Technologies,  Inc.). 
After  the  substrate  was  rinsed  with  ultrapure  water  and  blow- 
dried  with  nitrogen,  it  was  immersed  in  the  ultrapure  water 
subphase  in  the  LB  trough  (KSV  NIMA).  The  QD  solution  was 
gently  applied  to  the  water  surface  using  Hamiltonian  microliter 
syringe  and  was  allowed  to  stabilize  for  different  duration 
depending  on  the  target  exposure  time  of  the  QDs  to  the  water 
surface.  The  film  was  then  compressed  at  a  typical  speed  of  10 
mm/min  until  a  target  pressure  of  20—35  mN/m  was  attained. 
The  compressed  film  was  stabilized  for  about  5  min  and 
transferred  to  the  substrate  by  pulling  the  substrate  out  at  a 
speed  of  5  mm/min  at  a  constant  compression  surface  pressure. 
The  transfer  was  also  carried  out  by  scooping  the  compressed 

DOI:  10.1 021  /acs.jpcc.6b02988 
J.  Phys.  Chem.  C  2016,  120,  12850-12859 

Approved  for  public  release;  distribution  is  unlimited. 


12851 


15 


The  Journal  of  Physical  Chemistry  C 


Article 


film  manually  holding  the  substrate  at  5°— 10°  from  the  water 
surface  and  gently  pulling  out,  which  resulted  in  more 
continuous  film. 

Structural  and  Optical  Characterization.  Schematic  of 
the  experimental  setup  used  for  the  optical  characterization  of 
the  QD  films  is  shown  in  Figure  1.  The  excitation  laser  is 
focused  at  the  AFM  tip— sample  junction  using  a  parabolic 
mirror  (numerical  aperture,  NA  =  0.46).  The  AFM  (Neaspec 
GmbH)  is  operated  by  scanning  the  sample,  while  the  tip  is 
stationary.  The  topography  and  PL  intensity  images  can  be 
obtained  simultaneously  but  to  avoid  PL  quenching  by  the  tip, 
the  images  are  obtained  sequentially  without  losing  the  center 
of  the  scan.  That  is,  during  the  PL  scan,  the  tip  is  retracted  up 
vertically,  and  intensity  images  are  obtained  detecting  the 
emitted  photons  using  a  single  photon  counting  module 
(Excelitas  Technologies  Corp.).  The  PL  spectra  of  an  area  of 
interest  are  acquired  by  directing  the  emitted  light  to  the 
spectrometer  (isoPlane  Spectrograph  of  Princeton  Instru¬ 
ments)  that  uses  thermoelectrically  cooled  (—75  °C)  and 
back-illuminated  deep  depletion  CCD  camera.  The  results 
obtained  at  532  nm  excitation  wavelength  are  used  in  our 
subsequent  discussion.  However,  the  results  are  also  repro¬ 
duced  at  405  and  633  nm  excitation  wavelengths.  In  addition, 
the  PL  spectra  of  the  QDs  were  recorded  as  the  QDs  were 
assembled  on  water  surface.  For  this  part  of  the  experiment,  a 
transparent  2  in.  wafer  holder  was  used  to  contain  the  water  so 
that  illumination  and  collection  could  be  performed  through 
the  bottom  of  the  container. 

The  size  of  the  QDs  has  been  analyzed  using  a  JEOL  2010 
TEM  operated  at  200  kV  acceleration  voltages.  A  significant 
amount  of  the  excess  surfactant  molecules  (mixture  of 
trioctylphosphine  oxide  and  hexadecylamine)  was  removed  to 
improve  the  image  contrast.  The  chemical  composition  of  the 
QD  film  was  analyzed  using  X-ray  photoelectron  spectrometer 
(Kratos  Ultra  DLD  spectrometer,  Al  Ka  source  at  225  mW). 
Three  areas  per  sample  were  analyzed.  Low  and  high  resolution 
spectra  were  acquired  at  80  and  20  eV  pass  energies, 
respectively.  Charge  neutralizer  was  utilized  for  charge 
compensation  at  bias  voltage  of  3.1  V,  filament  voltage  of 
—  1.0  V,  and  filament  current  of  2.1  A.  Data  analysis  and 
quantification  were  performed  using  the  CasaXPS  software,  and 
a  Shirley  background  was  used.  All  the  spectra  were  charge 
referenced  to  the  C  Is  at  285.0  eV. 


Diameter  (nm) 


Figure  2.  (a)  TEM  image  of  the  NIR  CdSeTe/ZnS  QDs  used  in  this 
study,  (b)  Size  distribution  of  the  QDs.  (c)  Absorption  and  PL  spectra 
of  the  QDs  suspended  in  toluene  (blue  line),  suspended  in  chloroform 
(green  line),  and  assembled  on  water  (red  line). 


■  RESULTS  AND  DISCUSSION 

A  representative  TEM  image  of  the  QDs  is  presented  in  Figure 
2a,  and  the  size  distribution  is  plotted  in  Figure  2b.  The  average 
diameter  is  determined  as  6.7  ±  0.8  nm,  where  the  uncertainty 
represents  one  standard  deviation.  The  PL  spectra  of  the  QDs 
in  solution  (Figure  2c)  confirm  that  replacing  the  toluene 
solvent  with  chloroform  as  described  in  the  Experimental 
Section  has  no  effect  on  the  emission  property  of  the  QDs  as 
can  be  seen  from  the  overlap  of  the  blue  and  green  curves  with 
peak  position  at  A  =  840  nm  and  full  width  at  half-maximum 
(fwhm)  of  ~75  nm.  The  QDs  have  also  similar  spectral 
characteristics  when  they  are  assembled  on  the  water  surface  as 
shown  by  the  red  curve.  The  AFM  height  (Figure  3a)  and 
phase  (Figure  3b)  images  show  the  packing  of  the  QDs,  where 
the  thickness  of  the  excess  surfactant  deposited  on  top  of  the 
QDs  is  minimal.  In  this  region,  the  thickness  of  the  QD  film 
ranges  from  10  to  25  nm  compared  to  ~6. 7  nm  average 
diameter  of  the  QDs  determined  from  the  TEM  images. 
Assuming  about  1.5  nm  thickness  of  surface  ligands,  the 


smallest  film  thickness  (~10  nm)  determined  from  the  AFM 
images  agrees  with  the  TEM  data.  However,  the  film  thickness 
is  much  larger  than  10  nm  in  the  significant  portion  of  the  film, 
indicating  aggregation  of  the  QDs  (while  on  the  water  surface 
during  the  LB  procedure)  that  produces  thicker  than  a 
monolayer  film.  In  the  overwhelmingly  large  portion  of  the 
film,  the  QDs  are  covered  with  thick  layer  of  excess  surfactant 
as  shown  in  Figure  3c— e.  The  stabilizing  excess  surfactant  can 
be  removed  at  a  risk  of  introducing  destabilizing  effects,  but  it  is 
not  necessary  for  the  present  study.  When  the  solution  is 
spread  over  water,  the  QDs  and  the  stabilizing  excess  surfactant 
form  separate  layers  as  a  result  of  different  favorable  interaction 
at  the  water— air  interface.  In  effect,  the  QDs  are  confined 
between  the  water  surface  and  the  excess  surfactant  for  the 
duration  of  the  LB  procedure.  After  the  transfer,  the  naked 
surfaces  of  QDs  are  interfaced  with  the  substrate  directly  and 
covered  by  the  blanket  of  surfactant  layer  from  the  top.  In  this 
regard,  the  presence  of  the  excess  surfactant  is  beneficial  for  the 
present  study  because  it  minimizes  exposure  of  the  QDs  to  air 
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(a)  AFM  image:  height  (b)  AFM  image:  phase 


(c)  AFM  image:  height  (d)  AFM  image:  height  (e)  Line  profile 


Figure  3.  AFM  height  (a)  and  phase  (b)  images  of  the  LB  film  of 
QDs,  where  coverage  with  surfactant  (S)  molecules  is  minimal,  (c) 
AFM  image  of  the  QD  film  coated  with  thin  layer  of  surfactant  layer, 
(d)  AFM  image  of  the  QD  film  coated  with  stack  of  surfactant  layer 
(representative  of  large  portion  of  the  film),  (e)  Line  profile  across  the 
dashed  line  in  (d)  shows  the  thickness  of  the  surfactant  layers. 


(oxygen)  during  and  after  the  film  preparation,  prolonging  their 
stability  at  ambient  condition. 

The  results  obtained  on  the  QD  film  that  is  exposed  to  water 
for  about  7  min  are  presented  in  Figure  4.  In  the  topographic 
ATM  image  displayed  in  Figure  4a,  stacks  of  surfactant 
molecules  are  evident  but  the  PL  intensity  image  (Figure  4b) 
obtained  at  A  =  532  nm  excitation  wavelength  reveals  that  the 
QDs  are  present  underneath  the  thick  surfactant  layer.  The 
variation  of  the  PL  intensity  across  the  scan  area  (90  X  90  //m2) 
confirms  that  the  QD  film  is  not  uniform  throughout.  The 
relatively  high  intensity  in  some  areas  is  indicative  of 
aggregation  of  the  QDs.  This  type  of  nonuniformity  of  LB 
film  has  not  been  observed  for  CdSe/ZnS  and  CdSeS/ZnS 
core/shell  QDs,  where  uniformly  close-packed  monolayer  films 
are  obtained,  consistent  with  previous  studies.61  Nevertheless, 
for  the  alloyed  QDs  exposed  to  water  for  7  min,  the  PL  spectra 
(Figure  4c)  acquired  from  different  areas  are  similar  apart  from 
the  intensity  variation  that  is  also  evident  in  the  intensity  image. 
The  PL  peak  observed  at  840  nm  in  solution  is  blue-shifted  to 
~820  nm,  and  the  line  width  is  broadened  from  75  to  ~83  nm, 
which  may  indicate  significant  changes  in  the  surface  chemical 
properties  and  introduction  of  defects  when  the  film  is 
transferred  to  the  substrate.  In  contrast,  for  CdSe/ZnS  and 
CdSeS/ZnS  QD  films,  the  spectral  characteristics  of  the  QDs  in 
the  solid  film  are  the  same  as  that  of  the  QDs  suspended  in 
solution.  This  stability  difference  can  be  attributed  to  the 
reactivity  of  the  CdSeTe  QDs  and  the  ZnS  coating  is  less  likely 
to  be  a  continuous  shell.  The  more  striking  effect  of  exposing 
the  alloyed  QDs  to  water  and  transferring  to  the  solid  surface  is 
the  observation  of  weak  peaks  at  630  and  660  nm  that  do  not 
appear  in  the  solution  phase  PL  spectra  (see  Figure  2c)  and  in 
the  spectra  of  the  QDs  as  they  are  assembled  on  the  water 
subphase  before  the  film  transfer.  As  can  be  seen  in  the  inset 
figure  in  Figure  4c,  the  relative  intensity  of  the  two  new  peaks 
varies  when  the  spectra  are  acquired  at  different  locations  but 
the  peak  wavelengths  are  consistently  within  the  ranges  of 


(a)  Topography  (b)  PL  intensity  image 


Figure  4.  Results  on  the  QD  film  exposed  to  water  for  ~7  min.  (a) 
AFM  and  (b)  PL  scan  images  of  the  same  area  (90  X  90  fim2)  of  the 
QD  film  coated  with  excess  surfactant,  (c)  Representative  PL  spectra 
obtained  at  different  locations  on  the  film.  The  variation  of  the  PL  at 
different  locations  is  due  to  the  nonuniformity  of  the  film,  which  can 
also  be  seen  in  the  PL  intensity  image  in  (b).  Enlarging  the  intensity 
scale  by  a  factor  of  20,  two  weak  peaks  are  observed  at  ~630  and  ~660 
nm  with  different  relative  intensity  at  different  locations  as  seen  in  the 
inset  of  (c). 


630— 633  and  660— 665  nm  (for  simplicity,  these  peaks  will  be 
referred  as  630  and  660  nm  peaks  from  now  on). 

The  results  on  the  QD  film  exposed  to  water  for  ~20  min  are 
presented  in  Figure  5.  As  discussed  above,  the  QDs  are  covered 
with  excess  surfactant  layer  (Figure  5a),  and  the  PL  image 
(Figure  5b)  shows  intensity  variation  within  the  scan  area.  Five 
regions  are  numbered  in  the  PL  intensity  image  for  further 
analysis.  The  representative  PL  spectra  shown  in  Figure  5c  are 
drastically  different  from  that  of  the  solution  phase  shown  in 
Figure  2c.  The  weak  intensity  peaks  at  630  and  660  nm 
observed  in  Figure  4  (~7  min  exposure  time)  are  now 
dramatically  enhanced  to  the  extent  that  they  are  comparable  to 
or  stronger  than  the  original  peak  at  820  nm.  The  new  peaks 
have  characteristically  much  narrower  line  widths  (~23  nm  for 
the  630  nm  and  ~39  nm  for  the  660  nm)  than  the  peak  at  820 
nm  that  has  a  line  width  of  ~83  nm.  Clearly,  these  short 
wavelength  peaks  with  narrow  line  widths  cannot  be  assigned  to 
emissive  deep  trap  surface  states,  which  usually  have  very  broad 
spectral  features  and  appear  at  longer  wavelengths  than  the 
main  core  emission  resonances.62,63  As  mentioned  above,  the 
preferential  interaction  at  the  water— air  interface  pushes  the 
surfactant  molecules  up  and  leaves  QDs  on  the  water  surface. 
The  fact  that  the  relative  intensity  of  the  630  and  660  nm  peaks 
is  higher  for  films  exposed  to  water  for  longer  time  suggests 
that  the  origin  of  the  new  peaks  is  related  to  interfacial 
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(a)  Topography  (b)  PL  intensity  image 
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Figure  5.  Results  on  the  QD  film  exposed  to  water  for  ~20  min.  (a) 
AFM  and  (b)  PL  scan  images  of  the  same  area  (90  X  90  fim2).  (c) 
Representative  PL  spectra  obtained  by  centering  selected  regions 
[marked  1,  2,  and  5  in  (b)]  in  the  laser  focus. 


interaction  on  the  substrate  that  is  possible  when  the  QDs  are 
stripped  off  the  stabilizing  excess  surfactant  molecules,  and 
complete  stripping  of  the  surface  ligands  by  the  preferential 
interaction  at  the  water— air  interface  takes  longer  than  10  min. 

For  understanding  the  origin  of  the  new  emission  peaks,  the 
spatial  distribution  of  the  emitters  has  been  analyzed  using 
spatio spectral  imaging  as  demonstrated  in  Figure  6a— c.  That  is, 
using  short-pass  and  long-pass  spectral  filters,  the  emission 
peaks  in  the  red  and  near-infrared  spectral  regions  are 
selectively  mapped  as  shown  in  Figures  6b  and  6c.  Comparing 
the  short  (A  <  695  nm,  Figure  6b)  and  long  (A  >  750  nm, 
Figure  6c)  wavelength  intensity  images,  significant  differences 
can  be  observed  in  the  spatial  distribution  of  the  emitters.  For 
example,  the  regions  labeled  2  and  4  are  the  brightest  spots 
when  shorter  wavelength  photons  are  detected  as  seen  in 
Figure  6b.  But  when  the  longer  wavelength  photons  are 
detected,  these  regions  have  about  average  PL  intensity  as  seen 
in  Figure  6c.  On  the  other  hand,  region  1  has  the  highest 
intensity  when  the  longer  wavelength  photons  are  detected  but 
only  average  intensity  for  short  wavelength  photon  detection 
(similar  results  obtained  on  a  different  sample  are  compared  in 
Figure  Si).  The  stark  difference  in  the  spatio  spectral  images 
clearly  indicate  that  the  emission  peaks  in  the  red  ( A  ~  630  and 
660  nm)  and  near-infrared  (A  ~  820  nm)  spectral  regions  do 
not  originate  from  the  same  nanocrystals  and  therefore  cannot 
be  assigned  to  an  interface  or  deep  trap  surface  states  within  the 
alloyed  CdSeTe/ZnS  quantum  dots.  Hence,  the  630  and  660 


nm  peaks  must  be  due  to  new  nanocrystals  that  are  formed 
when  the  alloyed  NIR  QDs  are  exposed  to  water  and 
transferred  to  a  solid  substrate. 

The  relative  photostability  of  the  nanocrystals  is  studied  by 
monitoring  the  PL  intensity  at  630,  660,  and  820  nm 
wavelengths  as  a  function  of  time,  while  keeping  the  laser 
focus  at  the  region  labeled  3  in  Figures  6b  and  6c,  where  the  PL 
intensities  in  the  two  images  are  comparable.  The  photo- 
bleaching  trend  can  be  seen  in  the  representative  spectra 
(Figure  6d)  acquired  at  different  times.  For  more  quantitative 
comparison,  the  peak  intensities  are  plotted  as  a  function  of 
time  in  Figure  6e,  after  normalization  of  the  intensities  such 
that  the  initial  value  is  unity  for  each  peak.  Rapid  exponential 
decay  is  observed  for  the  820  nm  peak  intensity.  In  contrast,  the 
630  nm  peak  intensity  first  increases  during  the  first  ~50  s  and 
decreases  monotonically  for  the  longer  illumination  time.  The 
660  nm  peak  intensity  decays  at  a  slower  rate  than  the  820  nm 
peak  but  faster  than  that  of  the  630  nm.  The  peak  intensity 
decays  at  different  rates  when  monitored  at  different  locations, 
but  the  relative  order  of  the  photostability  remains  the  same. 
The  relative  photostability  of  the  630  and  660  nm  peaks 
suggests  that  the  new  nano  crystals  have  more  stable  surface 
chemical  properties  than  the  original  NIR  QDs.  This  may 
suggest  that  the  larger  and  more  reactive  Te  atom  has  diffused 
out  of  the  core  of  the  nanocrystals.  This  process  can  lead  to  the 
formation  of  CdSe  based  nanocrystals  that  can  emit  at  630  nm. 
The  outward  diffusion  of  Te  can  also  result  in  an  inward 
diffusion  of  S  atom  from  the  ZnS  shell,  which  can  plausibly 
result  in  the  formation  of  CdSeS  alloyed  nanocrystals  that  emit 
at  660  nm.  This  proposed  mechanism  is  supported  by  analyzing 
the  effect  of  water  medium  as  follows. 

The  role  of  water  medium  in  facilitating  the  crystal 
transformation  can  be  understood  by  comparing  the  spectra 
of  the  LB  films  to  that  of  the  films  prepared  by  drop-casting 
(DC)  the  quantum  dot  solution  directly  on  the  substrate  and  to 
the  spectra  of  the  QDs  as  they  are  assembled  on  the  water 
surface  as  demonstrated  in  Figures  7.  As  it  can  be  seen  in  Figure 
7,  the  630  and  660  nm  peaks  are  completely  absent  for  the  QDs 
on  the  water  surface  (black  line)  and  are  hardly  noticeable  in 
the  PL  spectrum  of  the  film  prepared  by  the  DC  procedure 
(blue  line).  For  the  DC  film,  signatures  of  the  two  peaks 
become  apparent  when  the  intensity  scale  is  enlarged  by  a 
factor  of  >20  (see  Figure  S2),  suggesting  that  spreading  the 
QD— surfactant  mixture  on  the  substrate  has  similar  but 
negligible  effect  as  on  the  water  surface  in  the  LB  procedure. 
Unlike  on  the  water  surface,  when  the  solution  is  directly 
spread  on  the  substrate,  the  QDs  are  not  effectively  separated 
from  the  surfactant  molecules,  and  therefore  they  are  dried  as 
they  are  embedded  in  the  stabilizing  molecules.  Exposing  the 
DC  film  to  air  for  extended  time  does  not  result  in  the  growth 
of  peaks  at  630  and  660  nm.  In  contrast,  when  the  QD  solution 
is  spread  on  water  surface  during  the  LB  procedure,  the  QDs 
and  stabilizing  surfactant  molecules  are  separated,  forming 
water— QDs— surfactant— air  interface  as  discussed  above.  When 
the  film  is  transferred,  the  naked  side  of  the  QDs  is  directly 
interfaced  with  the  substrate,  which  may  create  a  chemical 
potential  gradient  to  facilitate  outward  diffusion  of  Te  atom  and 
minimize  lattice  mismatch  in  the  crystal. 

The  composition  of  the  nanocrystals  has  been  studied  by 
analyzing  the  X-ray  photoelectron  spectra  of  the  DC  and  LB 
QD  films.  Representative  results  are  compared  in  Figure  8.  The 
overall  spectra  are  in  good  agreement  with  published  results,8'21 
and  the  discussion  here  primarily  focuses  on  the  comparison  of 
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Figure  6.  Spatiospectral  analysis  of  the  sample  region  imaged  in  Figure  5.  (a)  Application  of  short-pass  and  long-pass  filters  to  selectively  map  the 
different  spectral  regions.  The  PL  scan  obtained  with  short-pass  (b)  and  long-pass  (c)  reveals  different  spatial  localization  of  the  red-emitting  and 
NIR-emitting  quantum  dots  (compare  the  areas  marked  1,  2,  and  4  in  the  two  PL  intensity  images),  (d)  PL  spectra  obtained  by  centering  the  region 
marked  3  (b,  c)  in  the  laser  focus  and  monitoring  the  PL  spectra  as  a  function  of  time,  (e)  Peak  PL  intensity  extracted  from  (d)  plotted  as  a  function 
of  time. 


Figure  7.  Representative  PL  spectra  (normalized  to  the  same 
maximum)  obtained  on  QD  films  prepared  by  LB  (red  line)  and 
drop-casting  (DC)  (blue  line)  procedures  compared  to  the  spectra  of 
the  QDs  as  they  are  assembled  on  the  water  surface  (black  line).  The 
DC  film  is  prepared  by  applying  the  solution  (QDs  in  chloroform) 
directly  onto  the  substrate,  avoiding  the  exposure  to  water. 


the  spectra  for  the  DC  and  LB  films.  Analysis  of  the  spectra 
indicates  that  the  Te  to  Se  composition  ratio  is  0.18  for  the  DC 
film,  which  corresponds  to  CdSe0i85Teo.i5  approximate 
composition.  The  composition  of  Zn  and  S  are  determined 
as  ~8.5%  each,  which  correspond  to  a  slightly  less  than  a 
monolayer  thickness  of  ZnS  shell  and  a  6.3  nm  core  diameter  of 
CdSeTe.  The  experiment  has  been  performed  on  two  sets  of 


samples,  and  reproducibly  significant  broadening  of  peaks  has 
been  observed  for  the  LB  films  with  respect  to  the 
corresponding  transitions  for  the  DC  films  as  illustrated  in 
Figure  8a— c  for  Cd,  Se,  and  Te  3d  bands.  For  example,  the 
fwhm  of  the  Cd3/2  transition  band  is  0.97  eV  for  the  DC  film, 
which  is  in  good  agreement  with  the  literature  value  of  0.98  eV 
for  CdSe/ZnS  QDs,64  and  it  increases  to  1.28  eV  for  the  LB 
film.  Closely  inspecting  all  the  spectra  presented  in  Figure  8, 
greater  degree  of  asymmetry  can  be  seen  on  the  higher  energy 
side  for  the  LB  film  than  for  the  DC  film.  This  may  be 
attributed  to  significant  changes  of  surface  properties  and 
increased  contribution  of  surface  atoms.64  The  weak  peak  at 
406.6  eV  in  Figure  8a  is  reproducible,  which  may  be  indicative 
of  Cd— S  bond  in  the  crystal.65  We  note  that  the  spectra  in 
Figure  8  are  for  the  case  in  which  prominent  oxidation  peaks 
(e.g.,  Te02  that  we  have  observed  at  ~576.0  eV  for  samples 
exposed  to  air  for  longer  times)  are  completely  absent,  and 
therefore  none  of  the  spectral  features  can  be  attributed  to 
oxidation  effects. 

The  LB  and  DC  films  have  also  been  compared  by 
calculating  the  ratio  of  the  respective  compositions  for  each 
atom  as  plotted  in  Figure  8d.  Ideally,  the  ratio  should  be  1.0  for 
all  of  the  atoms  as  long  as  the  crystals  remain  intact.  The 
significant  deviation  for  zinc  (ratio  of  0.24)  from  unity  can  be 
due  to  two  possible  reasons:  (i)  a  loss  of  Zn  from  the  ZnS  shell 
during  the  LB  procedure  or  (ii)  a  change  in  the  overlayer 
(surfactant)  thickness.  The  loss  of  zinc  is  expected  to  introduce 
surface  defects  that  should  change  the  spectral  characteristics  of 
the  QDs  significantly.  However,  as  shown  in  Figure  2c,  the  peak 
wavelength  and  fwhm  of  the  PL  spectra  of  the  QDs  assembled 
on  water  surface  are  essentially  the  same  as  that  of  the  original 
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Figure  8.  (a— c)  Comparison  of  X-ray  photoelectron  spectra  of  QD  films  prepared  through  drop-casting  DC  (black  curves)  and  LB  (red  curves) 
procedures,  (d)  Ratio  of  composition  of  LB  to  DC  for  Cd  3d,  Se  3d,  Te  3d,  Zn  2p,  and  S  2p  electrons. 


solution.  Therefore,  we  conclude  that  the  ZnS  shell  remains 
intact  while  the  QDs  are  on  the  water  surface  (until  the  film  is 
transferred  to  the  substrate).  On  the  other  hand,  as  shown  in 
Figure  3  and  discussed  above,  the  interfacial  interaction  at  the 
water— air  interface  creates  a  thick  surfactant  layer  that  covers 
the  quantum  dots.  As  a  result,  on  average  the  QDs  in  the  LB 
film  are  covered  by  a  thicker  surfactant  layer  than  in  the  DC 
film,  which  results  in  weaker  signal  for  all  the  atoms  in  the  LB 
film  because  the  electron  signal  is  proportional  to  exp(— (f/L) 
cos  6),  where  t  is  the  thickness  of  the  overlayer,  L  is  the 
inelastic  mean  free  path  of  the  electron  at  a  given  energy,  and  6 
is  the  signal  collection  angle  (the  angle  of  photoelectrons  with 
respect  to  the  surface  normal).66  With  a  binding  energy  of  1022 
eV,  the  Zn  2p3/2  electrons  have  the  lowest  kinetic  energy  (465 
eV)  and  the  shortest  L  (1.6  nm),  compared  to  the  kinetic 
energy  of  1323  eV  and  L  «  3.5  nm  for  S  2p  electrons,  for 
example.6  Therefore,  the  signal  attenuation  is  expected  to  be 
most  pronounced  for  zinc  with  increasing  overlayer  thickness, 
resulting  in  the  observed  deviation  of  composition  ratio  from 
an  ideal  value  of  1.0. 

For  Te,  the  LB  to  DC  composition  ratio  is  slightly  higher 
than  1.0  despite  the  fact  that  for  Te  3d  electrons  the  effective 
attenuation  length  is  shorter  than  that  of  the  Cd  3d  and  Se  3d 
electrons.67  In  addition,  with  respect  to  the  composition  of  the 
DC  film,  there  is  significant  increase  of  ratio  of  Te  3d  signal  to 
the  other  signals  for  the  LB  film:  an  increase  of  ~16%,  ~20%, 
and  ~17%  with  respect  to  Cd  3d,  Se  3d,  and  S  2p,  respectively. 
This  observation  of  relative  increase  of  Te  3d  signal  indicates 
that  the  relative  concentration  of  Te  on  the  surface  of  the 


nanocrystals  has  increased,  which  is  a  direct  evidence  of 
diffusion  of  Te  from  the  core  to  the  shell.  This  outward 
diffusion  of  Te  can  lead  to  an  inward  diffusion  of  S  to  fill  the 
vacant  sites.  This  process  minimizes  the  lattice  mismatch  and 
the  strain  energy  cost  as  the  larger  Te  atoms  are  replaced  by  the 
smaller  S  atoms.  This  observation  is  in  agreement  with  the 
appearance  of  CdS  signature  in  the  Cd  3d  band  (Figure  8a), 
and  the  atomic  interdiffusion  can  result  in  the  transformation  of 
CdSeTe/ZnS  either  to  CdSe/CdS  nanocrystals  that  emit  at  630 
nm  or  to  alloyed  CdSeS  nanocrystals  that  emit  at  660  nm.  At 
the  same  time,  it  is  likely  that  the  ZnS  shell  is  transformed  to 
ZnTe. 

LB  films  of  CdSe/ZnS  and  CdSeS/ZnS  core/ shell  QDs  have 
been  prepared  and  the  spectral  characteristics  of  the  film  are 
essentially  the  same  as  that  of  the  solution  phase.  This 
observation  further  confirms  that  the  transformation  of 
CdSeTe/ZnS  nanocrystals  is  due  to  the  large  lattice  mismatch 
and  strain  energy  that  can  be  minimized  when  the  bigger  Te 
atoms  in  the  crystal  core  are  replaced  by  the  smaller  S  atoms 
through  the  process  of  interdiffusion  of  atoms.  Since  the 
spectral  changes  (appearance  of  the  630  and  660  nm  peaks) 
have  been  observed  after  the  QDs  are  transferred  from  the 
water  surface  to  the  substrate,  interfacial  interactions  and/or 
exposure  to  air  (oxygen)  can  be  proposed  as  possible  factors 
that  facilitate  the  atomic  interdiffusion  process.  The  630  and 
660  nm  peaks  have  been  observed  in  the  PL  spectra  of  freshly 
prepared  LB  films  for  which  signatures  of  Te02  are  absent  in 
the  XPS  spectra.  On  the  other  hand,  significant  blue-shift  and 
spectral  broadening  are  observed  for  the  fresh  samples 
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including  those  prepared  by  drop-casting.  These  significant 
spectral  changes  cannot  be  attributed  to  a  difference  of  the 
refractive  index  of  the  solution  and  the  film  as  this  is  not  the 
case  for  the  CdSe/ZnS  and  CdSeS/ZnS  QDs.  The  spectral 
blue-shift  and  broadening  can  be  indicative  of  subtle  changes 
(e.g.,  increased  defect  concentration)  on  the  surface  of  the 
nanocrystals.  Defect  concentration  is  known  to  speed  up 
atomic  interdiffusion.60  In  addition,  the  diffusion  process  can  be 
facilitated  by  interfacial  interactions  (QD— QD  and  QD— 
substrate)  that  can  create  chemical  potential  gradient  and  may 
also  lower  the  activation  energy  barrier  of  the  diffusion 
process.60  Under  this  favorable  condition,  the  strain  energy 
cost  that  is  specified  in  eq  1  can  be  sufficient  to  drive  the  atomic 
interdiffusion  process. 

Depending  on  the  favorability  of  the  thermodynamic  and 
kinetic  conditions,  the  atomic  interdiffusion  can  lead  to  the 
formation  of  CdSe/CdS  core/shell  or  alloyed  CdSeS  nano¬ 
crystals  coated  with  ZnTe  as  mentioned  above.  Considering  all 
the  samples  we  have  prepared  and  analyzed,  it  is  clear  that  the 
relative  intensity  of  the  peak  at  660  nm  (due  to  CdSeS  QDs)  is 
higher  than  that  of  the  630  nm  (due  to  CdSe/CdS  QDs).  In 
fact,  in  some  areas,  the  emission  peak  at  660  nm  is  the  only 
prominent  peak  observed  in  the  visible  region  as  demonstrated 
by  the  red  line  in  Figure  7.  This  observation  may  suggest  that 
the  conditions  are  favorable  to  result  in  complete  miscibility  to 
form  alloyed  CdSeS  QDs.  It  should  also  be  noted  that  the  fact 
that  the  emission  peak  at  ~820  nm  (resonance  of  the  original 
alloyed  nanocrystals  on  the  substrate)  is  observed  in  almost  all 
areas  for  all  the  samples  may  suggest  that  only  some  of  the 
alloyed  QDs  (that  are  metastable)  transform  into  more  stable 
crystal  composition. 

Consistent  with  the  above-proposed  mechanism,  the  630  nm 
emission  wavelength  and  23  nm  fwhm  are  in  agreement  with 
corresponding  spectral  characteristics  of  the  CdSe/ZnS  QDs 
with  similar  core  diameter  as  confirmed  in  a  separate 
measurement.  On  the  other  hand,  if  all  the  S  atom  of  the 
ZnS  shell  diffuse  into  the  crystal  to  fill  in  the  lattice  sites  of  Te, 
the  resulting  CdSeS  nancrystal  is  expected  to  emit  around  660 
nm  which  is  in  agreement  with  the  longest  emission  wavelength 
of  commercially  available  CdSeS/ZnS  nanocrystals,  which  we 
have  characterized  separately.  The  660  nm  wavelength  is  also 
within  the  range  of  CdTe  QD  emission  wavelengths.  However, 
for  CdTe  QDs  to  emit  at  660  nm,  the  diameter  has  to  be  ~4.5 
nm,  which  is  significantly  larger  than  the  diameter  (~3.4  nm) 
that  can  be  obtained  from  the  transformation  of  individual 
CdSe0t85Te0>15  nanocrystals  to  the  binary  CdSe  and  CdTe 
nano  crystals.  In  addition,  this  crystal  transformation  requires 
drastic  change  of  lattice  structures  that  is  not  plausible. 
Transformation  of  individual  alloyed  nanocrystals  into  type  II 
QDs  may  also  be  considered  as  an  alternative  mechanism, 
which  is  less  likely  for  the  following  reasons.  This  mechanism 
will  result  either  in  CdSe/CdTe/ZnS  or  CdTe/CdSe/ZnS 
core/shell/shell  type  II  QDs.  The  former  does  not  emit 
because  of  the  lower  band  gap  energy  of  CdTe  shell  than  the 
core.43  The  latter  is  expected  to  emit  at  much  longer 
wavelength  than  660  nm,  and  the  line  width  would  be  broader 
than  that  of  the  observed  peak.68 

■  CONCLUSION 

In  summary,  using  near-infrared  CdSeTe/ZnS  QDs  as  model 
systems,  we  have  demonstrated  the  transformation  of 
metastable  alloyed  nanocrystals  to  more  stable  forms.  When 
the  ZnS  coated  alloyed  CdSeTe  QDs  with  840  nm  emission 


wavelength  and  75  nm  spectral  line  width  are  self-assembled  on 
water  and  transferred  to  a  silica  substrate  using  a  Langmuir— 
Blodgett  procedure,  two  new  prominent  sharp  emission  peaks 
are  observed  at  ~630  and  ~660  nm  emission  wavelengths  that 
have  ~23  and  ~39  nm  fwhnTs,  respectively.  On  the  basis  of 
analysis  of  the  crystal  composition  using  X-ray  photo  electron, 
we  conclude  that  the  relative  concentration  of  Te  atoms  on  the 
surface  of  the  nanocrystals  has  increased  significantly,  which 
clearly  indicates  the  diffusion  of  Te  atoms  from  the  core  to  the 
shell.  This  outward  diffusion  of  Te  atoms  can  then  initiate 
inward  diffusion  of  S,  which  can  lead  to  the  formation  of  either 
CdSe/CdS  or  CdSeS  quantum  dots.  Based  on  size  analysis, 
these  new  nanocrystals  are  expected  to  emit  at  630  and  660  nm 
wavelengths,  respectively.  Since  no  spectral  changes  have  been 
observed  for  the  QDs  as  they  are  assembled  on  the  water 
surface,  surface  defect  concentration  and  interfacial  interactions 
that  create  chemical  potential  gradient  and  lower  the  activation 
energy  barrier  of  the  diffusion  process  are  suggested  as  possible 
mechanisms  that  facilitate  the  outward  diffusion  of  Te  atom  to 
minimize  the  strain  energy  cost.  This  work  emphasizes  the 
importance  of  postsynthesis  characterization  of  alloyed  nano¬ 
crystals,  which  have  potential  applications  in  biological  imaging 
and  optoelectronic  devices. 
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AJBSTRACT:  Using  methylene  blue  (MB)  as  a  model  system,  we 
demonstrate  surface  plasmon-enhanced  resonant  excitation  that  leads  to 
N-demethylation  reaction  under  visible  light  irradiation  (2  =  633  nm)  at  low 
photon  flux.  The  chemical  changes  are  monitored  by  detecting  the 
vibrational  signatures  of  the  reactant  and  product  species  in  situ  using 
surface-enhanced  Raman  scattering  (SERS)  spectroscopy.  Drastic  temporal 
evolution  of  SERS  spectra  has  been  observed  upon  continuous  irradiation. 

While  the  SERS  spectra  acquired  immediately  after  irradiation  are  the  same 
as  the  Raman  spectrum  of  MB  solid  powder,  the  spectra  recorded  a  few 

seconds  later  are  remarkably  similar  to  that  of  thionine  solid  powder,  indicating  N-demethylation  of  MB.  No  demethylation 
reaction  has  been  observed  under  resonant  excitation  (2  =  633  nm)  of  MB  adsorbed  on  nonplasmonic  surfaces.  Similarly, 
excitations  of  plasmon  resonances  at  532  and  808  nm  wavelengths  that  do  not  overlap  with  the  MB  electronic  transition  do  not 
lead  to  transformation  of  MB  to  thionine.  The  reaction  mechanism  is  discussed  in  terms  of  resonant  excitation  of  MB  and  hot 
electron  transfer  to  adsorbed  species.  Considering  that  both  MB  and  thionine  have  large  SERS  signal  due  to  the  combination  of 
resonance  Raman  and  electromagnetic  enhancement  effects  that  provide  high  detection  sensitivity,  we  suggest  that  this 
demethylation  reaction  serves  as  a  convenient  model  system  for  future  mechanistic  studies. 


■  INTRODUCTION 

Soon  after  the  discovery  of  surface-enhanced  Raman  scattering 
(SERS)  spectroscopy,1,2  surface- enhanced  photochemistry  was 
proposed  theoretically^4  and  demonstrated  experimentally.5-11 
In  particular,  the  work  by  Moskovits  and  co-workers  revealed 
the  ambiguity  in  the  interpretations  of  earlier  SERS  data  due  to 
vibrational  peaks  of  reaction  products  that  could  be  wrongly 
assigned  to  the  reactants.12  More  recent  examples  of  plasmon 
driven  photochemical  reactions  include  the  azo-coupling  of  self- 
assembled  para-aminothiophenol  (PATP), 13-15  ethylene  epox- 
idation,16  dissociation  of  hydrogen  molecules,17  and  conversion 
of  aldehydes  to  esters.1"  The  dual  action  of  surface  plasmons  to 
enhance  Raman  scattering  and  photochemistry  provides  a 
unique  technical  convenience  for  investigating  surface  chem¬ 
istry  using  SERS  as  a  highly  sensitive  in  situ  vibrational 
spectroscopy.19-21  However,  there  are  limited  model  reaction 
systems,  notably  the  conversion  of  self-assembled  PATP  to 
p,p'-dimercaptoazobenzene  (DMAB)  that  can  be  studied  by 
monitoring  the  vibrational  bands  of  reactants  and  products 
using  SERS.  In  addition,  studies  of  plasmon  driven  photo¬ 
chemical  reactions  to  date  have  been  based  on  excitation 
wavelengths  that  match  the  plasmon  resonances  but  not  the 
molecular  resonances.  Resonant  electronic  excitation  where  the 
excitation  wavelength  overlaps  with  the  molecular  and  plasmon 
resonances  provides  high  SERS  detection  sensitivity  due  to  the 
combination  of  resonance  Raman  and  electromagnetic 
enhancement  effects  22 
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In  this  work,  we  discuss  the  first  systematic  study  on  the  N- 
demethylation  of  MB  initiated  by  plasmon-enhanced  resonant 
excitation  of  MB  at  633  nm  laser  wavelength.  We  propose  that 
this  demethylation  reaction  would  be  an  excellent  model 
system  for  mechanistic  studies  in  plasmon  driven  photo¬ 
chemistry  because  of  the  high  detection  sensitivity  and  the 
availability  of  background  information.  The  photo  catalytic 
degradation  of  MB  has  been  investigated  using  different 
catalytic  materials  such  as  Ti02,23  Au— Ti02  composite,24 
Cr— Ti  binary  oxide,24  and  Ag— In— Ni— S  nanocomposites.25 
The  solution  phase  excited-state  dynamics  of  MB  is  well 
documented.26,  MB  is  also  a  common  model  system  in  SERS 
related  studies28-33  as  well  as  in  strong  exciton— plasmon 
coupling,34  and  yet  systematic  investigation  of  its  plasmon 
driven  surface  photochemistry  is  lacking.  Here,  we  demonstrate 
that  irradiation  of  MB  adsorbed  on  resonant  plasmonic  gold 
nanorods  (AuNRs)  with  visible  light  induces  chemical 
transformation  of  MB  as  it  is  revealed  in  the  dramatic  temporal 
evolution  of  the  SERS  spectra.  While  the  vibrational  signatures 
observed  immediately  after  irradiation  are  the  same  as  that  of 
MB  solid  powder,  the  spectra  recorded  after  a  few  seconds  are 
similar  to  that  of  thionine  solid  powder,  indicating  a 
demethylation  reaction  at  low  incident  photon  flux. 
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■  EXPERIMENTAL  SECTION 

Sample  Preparation.  Gold  film  (AuF)  of  thickness  ~40 
nm  was  deposited  on  oxide  coated  silicon  wafer  using  electron- 
beam  evaporation.  Methylene  blue  (obtained  from  Sigma- 
Aldrich)  was  immobilized  on  the  gold  film  by  keeping  the 
substrate  overnight  (~8  h)  in  freshly  prepared  1.5  X  10-5  mol 
L-1  MB  in  ethanol  solution.  As  the  substrate  is  pulled  out  of  the 
solution,  it  was  washed  with  ethanol  so  that  loosely  attached 
molecules  are  removed  from  the  substrate.  The  substrate  was 
then  dried  by  blowing  dry  N2  gas.  An  aqueous  solution  of  gold 
nanorods  (AuNRs)  with  cetyltrimethylammonium  bromide 
(CTAB)  stabilizing  surface  ligand  was  obtained  from  Nano- 
partz,  Inc.  The  excess  CTAB  surfactant  was  removed  through 
two  rounds  of  centrifugation  (at  5000  rpm  for  5  min)  and 
disposal  of  the  supernatant  solution.  The  AuNRs  were  then 
resuspended  in  ultrapure  water  and  deposited  on  MB- 
functionalized  AuF  by  drop-casting  and  allowing  drying  at 
ambient  condition.  This  sample  preparation  sandwiches  MB 
between  the  AuF  and  the  AuNRs,  where  the  electric  field  is 
localized. 

While  the  AuF-MB-AuNR  sample  provides  clarity  about  the 
location  of  the  molecule,  the  strong  dipole— metal  surface 
interaction  does  not  allow  us  to  tune  the  plasmon  resonance 
outside  the  MB  absorption  band  regardless  of  the  size  and 
shape  of  the  plasmonic  nanoantennas.  As  a  result,  for  studying 
the  role  of  resonant  excitation  of  MB,  the  molecule  was 
adsorbed  on  AuNRs  by  replacing  CTAB  through  the  following 
procedures.  First,  the  excess  CTAB  was  removed  as  described 
above  by  centrifuging  1.8  mL  of  diluted  aqueous  AuNR 
solution  and  removing  the  supernatant  solution.  The  solid 
residue  was  then  resuspended  in  1.0  mL  of  1.5  X  10-5  M  MB  in 
ethanol  solution  and  kept  overnight.  To  remove  the  MB 
molecules  that  were  not  adsorbed  to  the  AuNR  surfaces,  the 
solution  was  centrifuged,  and  the  supernatant  solution  was 
removed.  The  solid  residue  was  then  resuspended  in  ethanol 
and  drop-casted  on  oxide  coated  silicon  wafer. 

Optical  and  Topographic  Characterization.  The 
absorption  spectra  of  MB  were  recorded  using  a  UV— vis 
spectrometer  (Shimadzu  UV-2450)  by  dissolving  MB  in 
ethanol  and  adsorbing  on  acrylic  cuvette.  A  dilute  solution  of 
MB  (1.5  X  10“5  M)  in  ethanol  was  kept  in  the  cuvette  for 
several  hours  to  achieve  the  adsorption,  after  which  the  solution 
was  discarded  and  the  absorbance  from  the  adsorbate  was 
recorded.  All  other  optical  measurements  (dark-field  scattering, 
SERS  and  fluorescence)  on  the  solid  samples  were  carried  out 
using  a  modified  inverted  dark-field  microscope  (Olympus 
GX51F5)  illuminating  and  collecting  through  a  dark-field 
objective  (0.9  NA,  100X).  For  the  dark-field  scattering 
measurement,  the  sample  is  excited  with  a  100  W  halogen 
lamp  white  light  source.  The  SERS  measurements  are 
performed  by  exciting  the  sample  with  laser  line  that  overlaps 
with  both  molecular  and  plasmon  resonances  (A  =  633  nm)  and 
with  laser  lines  that  overlap  only  with  the  plasmon  resonance  ( A 
=  532  or  808  nm).  More  than  90%  of  the  light  collected  from 
the  sample  through  the  objective  is  directed  to  the 
spectrometer  (isoPlane  Spectrograph  of  Princeton  Instru¬ 
ments)  that  uses  thermoelectrically  cooled  (—75  °C)  and 
back-illuminated  deep  depletion  CCD  camera,  while  the 
remaining  signal  is  directed  to  the  Olympus  UC30  camera 
that  is  attached  to  the  microscope  for  imaging  the  dark-field 
scattering  of  the  sample.  This  optical  setup  allows  us  to  obtain 
the  dark-field  scattering  and  SERS  data  from  a  fixed  area  using 


the  same  objective  simply  by  switching  the  excitation  source 
from  white  light  source  to  laser  line,  while  all  of  the  optical 
components  and  the  sample  remain  stationary.  The  comparison 
of  Stokes  and  anti-Stokes  Raman  intensities  was  carried  out 
using  our  atomic  force/near-field  microscope  that  has  been 
described  elsewhere,36'37  but  the  same  spectrometer  mentioned 
above  is  used  for  detection.  The  fluorescence  of  MB  solution 
was  measured  using  a  home-built  setup  where  a  0.7  NA 
objective  is  used  for  illuminating  the  solution  contained  in  a 
cuvette.  The  fluorescence  light  is  collected  through  the  same 
objective  and  directed  to  the  spectrometer  mentioned  above. 

■  RESULTS  AND  DISCUSSION 

The  optical  measurement  was  initiated  on  AuF-MB-AuNR 
samples  at  ambient  conditions.  The  orientation  of  the 
molecules  is  believed  to  be  parallel  to  the  substrate,38'39  and 
the  gap  between  the  AuNR  and  the  AuF  is  estimated  as  ~1  nm 
after  accounting  for  the  MB  and  the  CTAB  surface  ligands  on 
the  AuNRs.  The  interaction  of  the  AuNR  with  the  AuF  creates 
an  enhanced  field  that  is  localized  in  the  AuF— AuNR  gap.  ' 
The  spectral  overlap  of  the  633  nm  laser  line  with  the  molecular 
and  plasmon  resonances  is  illustrated  in  Figure  1.  The 
absorption  peak  of  MB  adsorbed  on  acrylic  surface  (blue  line 
in  Figure  la)  has  blue-shifted  by  about  5  nm  with  respect  to  the 
absorption  peak  in  solution  (black  line),  which  is  consistent 
with  a  previous  report.41  Similarly,  the  fluorescence  (FL)  peak 
(green  line)  of  MB  adsorbed  on  silica  surface  has  blue-shifted 
by  about  15  nm  with  respect  to  that  of  MB  in  solution  phase 
(red  line).  Depending  on  the  strength  of  the  surface— molecule 
interaction,  a  similar  blue-shift  is  expected  for  MB  adsorbed  on 
gold  surfaces,  improving  the  overlap  of  the  absorption  band 
with  the  633  nm  excitation  wavelength.  We  note  that  no  FL 
signal  was  detected  for  MB  adsorbed  on  the  AuF  as  shown  by 
the  pink  line  in  Figure  la  due  to  effective  quenching  of 
excitation  energy  of  the  molecule  by  the  metal  surface. 

In  solution,  the  absorption  spectrum  of  the  AuNRs  peaks  at 
~680  nm  (black  line  in  Figure  lb).  A  representative  single 
particle  spectrum  of  a  gold  nanorod  on  gold  film  is  shown  by 
the  cyan  line  in  Figure  lb.  However,  all  of  the  studies  presented 
here  are  based  on  aggregates  of  the  AuNRs  that  have  very 
broad  resonances  as  shown  by  the  red  curve  in  Figure  lb. 
Representative  dark-field  scattering  and  topographic  images  are 
shown  in  Figures  SI— S3.  Comparing  the  black  spectrum  in 
Figure  la  with  the  red  spectrum  in  Figure  lb,  it  can  be  seen 
that  the  entire  absorption  band  of  MB  lies  within  the  broad 
plasmon  resonance  of  the  AuNR  aggregates.  This  spectral 
overlap  between  the  molecular  and  plasmon  resonances 
provides  enormous  enhancement  of  Raman  scattering  for 
monitoring  the  photochemistry  using  SERS  for  in  situ  detection 
of  chemical  transformation. 

The  intensity  map  of  a  series  of  80  SERS  spectra  (acquired 
continuously  with  500  ms  acquisition  time  and  17  ms  interval) 
is  displayed  in  Figure  2a.  It  can  be  seen  that  new  vibrational 
bands  have  appeared  a  few  seconds  after  the  excitation  laser  is 
on.  In  particular,  a  new  strong  band  appears  at  479  cm-1  within 
a  few  seconds  upon  continuous  irradiation.  The  temporal 
evolution  can  be  observed  more  clearly  by  comparing  the  first 
spectrum  (recorded  within  0.5  s  acquisition  time  immediately 
after  the  excitation  light  is  on)  and  the  spectrum  acquired  after 
~5  s  as  shown  in  Figure  2b  with  blue  and  red  lines,  respectively. 
The  first  spectrum  (blue  line)  is  essentially  the  same  as  the 
spectrum  of  the  MB  solid  powder  (black  line).  On  the  other 
hand,  new  vibrational  bands  that  cannot  be  attributed  to  MB 
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Figure  1.  Spectral  overlap  of  the  molecular  and  plasmon  resonances 
with  respect  to  the  laser  lines  (dashed  vertical  lines),  (a)  The 
absorption  spectrum  of  10-6  M  methylene  blue  in  ethanol  solution 
(black  line)  and  the  corresponding  fluorescence  (FL)  spectrum  (red 
line).  The  blue  line  is  the  absorption  spectrum  of  MB  adsorbed  on  the 
inside  wall  of  acrylic  [poly(methyl  methacrylate,  PMMA]  cuvette. 
With  respect  to  the  solution  phase  FL  (red  line),  the  FL  peak  of  MB 
adsorbed  on  a  silica  substrate  (green  line)  is  blue-shifted  by  about  15 
nm.  (b)  The  absorption  (black  line)  and  scattering  (cyan  and  red 
lines)  of  AuNRs  with  nominal  diameter  of  40  nm  and  length  92  nm. 
The  scattering  spectra  of  a  single  (cyan  line)  and  aggregates  (red  line) 
of  AuNRs  are  obtained  as  the  nanorods  are  adsorbed  on  MB  treated 
gold  film. 


are  observed  in  the  red  spectrum.  In  addition  to  the  strong  peak 
at  479  cm-1,  several  other  new  peaks  are  observed  as  marked  by 
the  vertical  dashed  lines.  With  the  exception  of  some  residual 
vibrational  peaks  of  MB,  the  SERS  spectra  acquired  after  some 
time  delay  are  remarkably  similar  to  the  Raman  spectrum  of 
thionine  solid  powder  (green  line).  We  note  that  the  regular 
Raman  spectrum  of  thionine  solid  powder  shown  in  Figure  2b 
(green  line)  is  in  good  agreement  with  published  data,42  and 
with  the  corresponding  SERS  spectra  of  thionine  as  compared 
in  Figure  S4. 

The  479  cm-1  band  was  observed  in  electrochemical 
experiments  by  Nicolai  and  Rubim,  and  was  attributed  to 
thiazine  ring  in-plane  bending  of  MB  adsorbed  on  the  electrode 
as  a  monomer.30  This  assignment  was  based  on  the  observation 
that  the  relative  intensity  of  the  band  decreases  with  increasing 
number  of  multilayer  on  the  silver  electrode.30  However,  this 
trend  is  also  consistent  with  the  conversion  of  MB  to  thionine 
because  only  the  molecules  that  are  in  very  close  proximity  to 
the  metal  surface  are  expected  to  be  transformed  as  the 
mechanism  may  involve  surface— molecule  interaction.  In  our 
measurement,  a  large  number  of  additional  peaks  are  observed 
that  have  not  been  observed  before,  and  all  of  these  bands 


match  the  vibrational  bands  of  thionine  perfectly  as  marked  by 
the  vertical  dashed  lines  in  Figure  2b.  In  particular,  the  peak  at 
804  cm-1,  which  has  been  assigned  to  NH2  rocking  vibrational 
motion  of  thionine  by  Hutchinson  and  Hester,42  cannot  be 
attributed  to  any  vibrational  features  of  methylene  blue.  Our 
spectral  assignment  is  also  supported  by  theoretical  calculation 
as  shown  in  Figure  S5.  Therefore,  we  attribute  the  spectral 
evolution  to  N-demethylation  reaction  that  converts  methylene 
blue  to  thionine.  This  plasmon  driven  N-demethylation 
reaction  is  consistent  with  the  observation  in  the  photo  catalytic 
decomposition  of  methylene  blue  in  solution  on  semiconductor 
catalysts  such  as  Ti0223,43  with  UV-radiation  and  on  other 
semiconductor  catalysts  44 

The  significant  time  delay  for  the  appearance  of  the  product 
signals  observed  in  Figure  2a  is  in  contrast  to  other  plasmon 
driven  photochemical  reactions  such  as  the  azo-coupling  of 
PATP  (in  which  the  DMAB  product  signals  appear  instantly) 
as  we  have  confirmed  in  our  recent  report.^5  However,  the 
drastic  intensity  fluctuation  observed  in  Figure  2a  does  not 
allow  us  to  draw  a  conclusion  on  the  basis  of  the  temporal 
profile  of  the  vibrational  signals  of  a  small  number  of  molecules 
within  a  single  focus  area  (~4  X  10-7  cm2)  on  the  sample.  The 
intensity  fluctuation  can  be  minimized  by  repeating  the  time- 
dependent  measurement  on  multiple  areas  so  that  mechanistic 
understanding  may  be  obtained  on  the  basis  of  the  trend  of  the 
average  data.  To  this  end,  400  spectra  have  been  acquired 
within  ~207  s  of  irradiation  time  from  at  least  10  different 
random  locations  on  the  sample,  and  the  procedure  is  repeated 
at  different  incident  laser  powers.  The  intensity  map  of  the 
average  spectra  obtained  at  0.16  and  0.73  mW  incident  laser 
powers  is  displayed  in  Figure  3a  and  b,  including  only  the 
prominent  peaks  for  clarity.  Clearly,  the  delay  of  the  product 
signals  is  evident  in  the  average  data,  and  with  increasing 
incident  laser  power,  the  delay  becomes  shorter  as  can  be  seen 
by  comparing  the  intensity  maps  of  the  479  cm-1  band  in 
Figure  3a  and  b.  The  time  delay  may  indicate  that  laser-induced 
adsorption  is  a  prerequisite  for  the  photochemical  reaction. 
Unlike  molecules  such  as  PATP  that  are  chemically  attached  to 
the  surface  through  a  Au— S  bond,  MB  may  be  weakly  adsorbed 
mainly  through  physical  interactions.  The  fact  that  the 
vibrational  frequencies  in  the  SERS  and  regular  Raman 
spectrum  of  the  solid  agree  within  ±3  cm-1  as  can  be  seen 
by  comparing  the  blue  and  black  spectra  in  Figure  2b  is 
characteristic  of  physisorption.  The  heat  released  following 
the  plasmon-enhanced  resonant  excitation  may  increase  the 
molecule— surface  interaction  that  facilitates  the  photochemis¬ 
try. 

The  average  spectra  plotted  in  Figure  3c  (time  average  of  the 
400  average  spectra)  show  that  increasing  the  laser  power 
increases  the  intensity  of  the  vibrational  signal  as  well  as  that  of 
the  background.  For  further  quantitative  analysis  of  the 
vibrational  intensities,  we  used  a  relatively  flat  spectral  region 
at  ~707  cm-1  (marked  with  a  vertical  dashed  line  in  Figure  3c) 
as  a  reference  to  correct  for  time-dependent  background 
intensity.  That  is,  at  any  time,  the  vibrational  intensity  [fv(f)]  of 
a  given  vibrational  mode  is  adjusted  as  [lv(t)  —  Ih(t)]/Ih(t), 
where  Ih(t)  is  the  background  intensity  at  time  t.  This  approach 
provides  the  relative  change  of  the  vibrational  intensity  with 
respect  to  the  background.  The  stronger  background  at  higher 
laser  power  can  scale  down  the  amplitude  change,  but  will  not 
affect  the  rate  of  signal  decay  or  rise.  The  background  corrected 
intensities  of  the  bands  at  1621  and  479  cm-1  are  extracted 
from  the  data  presented  in  Figure  3a  and  b,  and  the  results  are 
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Figure  2.  Temporal  evolution  of  the  SERS  signal  of  methylene  blue  molecules  in  plasmonic  nanocavities  (AuF— AuNR  gaps),  (a)  Intensity  map 
representing  80  spectra  acquired  at  different  time  delays  after  continuous  irradiation  with  the  excitation  source  (A  =  633  nm).  (b)  Representative 
SERS  spectra  of  MB  recorded  at  the  time  delays  indicated  on  the  plot  (t0  «  0.5  s,  acquisition  time  of  a  single  spectrum)  as  compared  to  the  normal 
Raman  spectra  of  methylene  blue  (black  line)  and  thionine  (green  line)  solid  powders. 
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Figure  3.  Average  SERS  spectra  of  AuF-MB-AuNR  obtained  at  633  nm  excitation  wavelength  and  incident  laser  power  of  (a)  0.16  mW  and  (b)  0.73 
mW.  Each  intensity  map  represents  400  spectra  acquired  within  207  s,  and  the  spectra  at  each  time  point  are  the  average  of  at  least  10  spectra  that 
represent  different  locations  on  the  sample,  (c)  Time  average  of  the  spectra  acquired  within  207  s  at  incident  laser  power  of  0.16  mW  (black  line), 
0.34  mW  (cyan  line),  and  0.73  mW  (red  line).  Note  that  with  increasing  laser  power,  both  the  background  and  the  vibrational  band  intensities 
increase.  The  flat  region  at  ~707  cm-1  marked  with  a  vertical  dashed  line  is  used  for  background  correction  and  for  studying  the  temporal  evolution 
of  the  vibrational  band  intensities. 
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plotted  in  Figure  4a  and  b.  The  1621  cm-1  band  intensity  is 
further  normalized  by  the  corresponding  average  value  at  time 
t0.  We  note  that  both  MB  and  thionine  have  the  1621  cm-1 
band;  but  its  relative  intensity  is  much  weaker  for  thionine  as 
can  be  seen  in  Figure  2.  This  results  in  a  rapid  decline  of  the 
1621  cm-1  band  intensity  as  the  MB  is  converted  to  thionine. 
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Figure  4.  Quantitative  analysis  of  the  temporal  evolution  of  the  SERS 
signals  using  representative  vibrational  bands  of  reactant  and  product 
species,  (a)  The  peak  intensity  of  the  1621  cm-1  band  (after 
background  correction  and  normalized  as  described  in  the  text) 
plotted  as  a  function  of  time.  The  solid  lines  represent  a  biexponential 
function  (y  =  a  +  b  e~t/Tl  +  c  e~t/r\  where  zl  and  r2  are  time  constants) 
fit  to  the  data  obtained  at  incident  laser  power  of  0.16  mW  (black  line) 
and  0.73  mW  (red  line),  (b)  The  same  as  (a)  but  for  479  cm-1  band, 
and  a  single  exponential  function  (y  =  a  —  b  e~t/z )  is  fit  to  the  data,  (c) 
The  rate  constants  (fc,  =  1/tJ  extracted  from  the  fitting  procedure  in 
(a)  and  (b)  are  plotted  as  a  function  of  laser  power. 


For  laser  power  above  0.16  mW,  the  decay  has  fast  and  slow 
components;  and  the  relevant  rate  constants  can  be  extracted 
by  fitting  a  biexponential  function  of  the  form  y  =  a  +  b  e-^Tl  + 
c  where  t1  and  t2  are  the  time  constants  for  the  fast  and 
slow  dynamics;  respectively.  A  single  exponential  function  of 
the  form  y  =  a  —  b  e~t/T  fits  the  rising  signal  of  the  product 
reasonably  as  shown  by  the  solid  lines  in  Figure  4b.  The  linear 
dependence  of  the  rate  constants  (k  =  1/t)  on  laser  power  as 
shown  in  Figure  4c  indicates  that  the  photochemical  reaction  is 
initiated  by  a  single  photon  process.  The  constants  kx  and  k 
have  approximately  equal  value  at  0.16  mW,  and  then  kx 
increases  at  a  faster  rate  with  laser  power  than  k .  This 
divergence  of  rate  constants  for  the  reactant  signal  decay  and 
product  signal  rise  with  incident  photon  flux  indicates 
contribution  of  additional  processes  such  as  desorption  and 
gradual  photobleaching  of  reactant  molecules.  These  additional 
processes  may  be  accounted  for  by  the  constant  k2  that 
increases  slowly  with  laser  power. 

The  mechanism  of  plasmon  driven  photochemical  reactions 
is  believed  to  involve  hot  electron  transfer  from  the  plasmonic 
nanocrystal  to  adsorbed  species.  '  '  However;  several 
specific  mechanisms  that  are  consistent  with  the  charge  transfer 
process  can  be  proposed  including  (i)  direct  excitation  of  the 
metal— MB  system  that  involves  electronic  transition  from 
occupied  to  unoccupied  adsorbate  states/2  and  (ii)  hot  electron 
transfer  to  other  species  such  as  adsorbed  oxygen  molecules 
that  then  initiate  the  reaction.47  Direct  charge  excitation  has 
been  implied  on  the  basis  of  SERS  results  on  MB  that  show  an 
excitation  wavelength-dependent  anti-Stokes  to  Stokes  Raman 
intensity  ratio.32'48  An  anti-Stokes  to  Stokes  Raman  intensity 
ratio  as  high  as  34  has  been  observed  at  A  =  785  nm  excitation 
wavelength;  while  the  ratio  is  less  than  unity  at  A  =  532  nm 
excitation  wavelength.32  On  the  basis  of  this  observation  and 
the  positive  dependence  of  the  ratio  on  the  785  nm  photon 
flux;  Boerigter  et  al.  have  proposed  a  direct  resonant  charge 
excitation  mechanism  that  populates  the  excited  vibrational 
energy  levels  of  adsorbed  MB.j2,48  However;  no  chemical 
transformation  of  MB  has  been  observed  in  the  experiments  by 
Boerigter  et  al.32,48  It  should  also  be  noted  that  the  resonant 
excitation  wavelengths  of  adsorbed  MB  can  range  from  520  to 
800  nm  depending  on  the  nature  of  the  surface— molecule 
interaction  and  on  the  cluster  size  of  MB  (monomer;  dimer; 
trimer;  etc.).29,49'50  Our  sample  is  prepared  so  that  MB  is 
adsorbed  on  the  gold  film  as  a  monomer;  and  at  633  nm 
excitation  wavelength;  the  anti-Stokes  to  Stokes  Raman 
intensity  remains  very  small  and  constant  during  the 
continuous  illumination  and  acquisition  of  data  for  over  200 
s  as  shown  in  Figure  5. 

For  understanding  the  role  of  the  MB  resonant  excitation  in 
the  demethylation  reaction;  we  have  measured  the  SERS 
spectra  at  532  and  808  nm  excitation  wavelengths  such  that  the 
excitation  energy  overlaps  with  the  plasmon  resonances  but  not 
with  the  electronic  transition  energy  of  MB.  In  Figure  6a;  the 
dark-field  scattering  spectra  for  MB  functionalized  aggregates  of 
gold  nanospheres  (AuNSs)  and  AuNRs  (longer  than  the  NRs 
used  to  obtain  the  results  in  Figures  1—5)  deposited  on  oxide 
coated  silicon  wafer  are  presented.  It  can  be  seen  that  the 
plasmon  resonances  of  the  AuNSs  overlap  more  significantly 
with  the  532  nm  excitation  wavelength  than  with  the  633  nm. 
Similarly;  the  plasmon  resonances  of  the  AuNRs  overlap  more 
significantly  with  the  808  nm  wavelength  than  with  the  633  nm 
laser  line.  The  vibrational  signatures  of  thionine  are  observed  in 
the  SERS  spectra  (Figure  6b)  obtained  at  633  nm  excitation 
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Figure  5.  Comparison  of  the  temporal  evolution  of  the  (a)  Stokes  and 
(b)  anti-Stokes  Raman  intensities  of  the  448  and  479  cm-1  bands,  (c) 
Stokes  to  ant-Stokes  intensity  ratio  of  the  479  cm-1  band  plotted  as  a 
function  of  time. 


wavelength  for  both  the  AuNSs  (black  line)  and  the  AuNRs 
(green  line)  as  indicated  by  the  vertical  dashed  cyan  lines  where 
prominent  bands  of  thionine  are  expected  at  479  and  804  cm-1 
vibrational  frequencies.  In  contrast,  no  vibrational  signatures  of 
thionine  have  been  observed  at  the  532  nm  (blue  line)  and  808 
nm  (red  line)  excitation  wavelengths  despite  the  more 
significant  spectral  overlap  of  the  plasmon  resonances  with 
the  corresponding  wavelengths  as  illustrated  in  Figure  6a.  On 
the  other  hand,  resonant  excitation  of  MB  on  nonplasmonic 
surfaces  (glass,  platinum,  aluminum,  and  gold)  does  not  show 
vibrational  signatures  of  thionine.  An  example  is  shown  in 
Figure  7,  where  MB  is  adsorbed  on  gold  film,  and  the  Raman 
spectra  obtained  immediately  after  the  633  nm  laser  is  on  are 
compared  to  the  spectra  obtained  after  30  s  of  continuous 
irradiation.  Clearly,  the  observations  in  Figures  6  and  7  indicate 
that  excitation  of  both  the  molecular  and  the  plasmon 
resonances  is  important  for  the  demethylation  reaction. 

It  has  been  reported  that  photo  catalytic  N-demethylation 
requires  the  presence  of  oxygen.  '  '  In  particular,  Takizawa 
et  al.  demonstrated  systematically  that  anionic  oxygen  was 
responsible  for  initiating  the  demethylation  of  MB  and 
Rhodamine  B  on  CdS  catalyst.44  Transient  anionic  oxygen 
created  via  hot  plasmon  electron  injection  has  also  been 
implicated  in  the  surface  photochemistry  of  PATP  47,51,52  These 
past  experimental  observations  suggest  that  the  demethylation 
of  MB  in  our  experiment  is  likely  initiated  by  anionic  oxygen. 
The  anionic  oxygen  can  interact  with  the  terminal  nitrogen 
atoms  of  MB,  and  hydrogen  abstraction  from  water  can  lead  to 
the  transformation  of  methylene  blue  to  thionine  and  another 
side  product,  possibly  formaldehyde 44  However,  it  is  very 
important  to  emphasize  that  a  detailed  description  of  the 
mechanism  requires  understanding  the  excited-state  dynamics 
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Figure  6.  Excitation  wavelength  and  plasmon  resonance  effects,  (a) 
Dark-field  scattering  spectra  of  aggregates  of  gold  nanospheres 
(AuNSs,  diameter  40  nm)  (blue  line)  and  gold  nanorods  (AuNRs, 
40  nm  X  148  nm)  (red  line)  functionalized  with  MB  and  deposited  on 
silica  surface,  (b)  SERS  spectra  of  MB  adsorbed  on  the  AuNS  and 
AuNRs  recorded  30  s  after  the  excitation  lasers  are  on.  The  vertical 
dashed  cyan  lines  indicate  the  vibrational  frequencies  of  thionine  at 
479  and  804  cm-1.  The  vibrational  signatures  of  thionine  are  observed 
at  633  nm  excitation  wavelength  for  both  the  AuNSs  (black  line)  and 
the  AuNRs  (green  line),  but  not  at  532  and  808  nm  excitation 
wavelengths  despite  the  more  significant  spectral  overlap  of  the  laser 
lines  with  the  corresponding  plasmon  resonances  as  shown  in  (a).  The 
peak  at  520  cm-1  in  all  the  spectra  in  (b)  is  due  to  silicon. 


Figure  7.  Raman  spectra  of  MB  adsorbed  on  gold  film  in  the  absence 
of  any  plasmonic  nanoparticles.  The  gold  substrate  was  kept  inside  1.5 
X  10-5  M  MB  in  ethanol  solution  overnight,  and  the  substrate  was  not 
washed  as  it  was  pulled  out  of  the  solution  so  that  thicker  than  a 
monolayer  of  MB  sample  was  obtained  to  improve  the  signal-to-noise 
ratio.  The  spectra  were  recorded  with  an  acquisition  time  of  1  s  at  the 
633  nm  excitation  wavelength  and  intensity  of  ~100  kW/cm2. 
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of  MB  adsorbed  on  metal  surfaces.  As  shown  in  Figure  S 6, 
initial  excitation  of  MB  can  be  followed  by  singlet  to  triplet 
intersystem  crossing  (quantum  yield  ~0.5)5  ’  that  can  lead  to 
generation  of  singlet  oxygen  through  efficient  energy  transfer 
from  the  triplet  MB  to  triplet  molecular  oxygen/4  a  reason  for 
wide  use  of  MB  as  photosensitizer  in  photodynamic  therapy. 
The  fact  that  the  demethylation  of  MB  is  observed  at  633 
excitation  wavelength  (that  can  promote  MB  from  ground  to 
excited  electronic  state)  but  not  at  532  and  808  nm  is 
consistent  with  the  involvement  of  singlet  oxygen  in  the 
photochemical  transformation.  On  the  other  hand,  the 
demethylation  reaction  does  not  take  place  on  nonplasmonic 
surfaces,  indicating  the  importance  plasmon  resonance 
excitation.  Understanding  these  excited-state  dynamics  of 
molecules  in  the  proximity  of  metal  surfaces  is  a  grand 
challenge  that  may  invite  future  experiments. 

■  CONCLUSION 

In  summary,  we  have  presented  the  first  systematic  study  of 
plasmon  driven  demethylation  reaction  that  transforms  MB  to 
thionine  under  visible  light  irradiation  at  room  temperature 
without  the  use  of  any  semiconductor  catalysts.  Upon 
continuous  irradiation,  the  SERS  spectra  evolve  from  that  of 
methylene  blue  to  thionine  as  a  function  of  time.  Irradiation  of 
MB  adsorbed  on  nonplasmonic  surfaces  at  633  nm  excitation 
wavelength  does  not  lead  to  the  demethylation  reaction. 
Similarly,  excitation  wavelengths  (532  and  808  nm)  that 
overlap  with  plasmon  resonances  but  not  with  the  electronic 
absorption  band  of  MB  do  not  transform  MB  to  thionine. 
These  observations  suggest  that  excitations  of  both  the 
molecular  and  the  plasmon  resonances  are  important  for 
observing  the  reaction.  The  photochemical  transformation  is 
likely  initiated  by  transient  hot  plasmon  electron  transfer  to 
adsorbed  species.  However,  identifying  transient  intermediates 
and  a  detailed  understanding  of  the  mechanism  require  further 
experiments  under  controlled  atmosphere  as  well  as  elucidating 
the  potential  energy  landscape  of  MB  adsorbed  on  metal 
surfaces.  At  visible  excitation  wavelengths,  both  MB  and 
thionine  have  large  SERS  cross  sections  due  to  the  combination 
of  resonance  Raman  and  electromagnetic  enhancement  effects, 
and  therefore  we  suggest  that  this  demethylation  reaction 
serves  as  a  convenient  model  system  for  future  mechanistic 
studies  in  plasmon  driven  photochemical  reactions. 
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Understanding  the  enhancement  of  charge  carrier  generation  and  their  diffusion  is  imperative  for 
improving  the  efficiency  of  optoelectronic  devices  particularly  infrared  photodetectors  that  are  less 
developed  than  their  visible  counterpart.  Here,  using  gold  nanorods  as  model  plasmonic  systems, 

InAs  quantum  dots  (QDs)  embedded  in  an  InGaAs  quantum  well  as  an  emitter,  and  GaAs  as  an  active 
mediator  of  surface  plasmons  for  enhancing  carrier  generation  and  photon  emission,  the  distance 
dependence  of  energy  transfer  and  carrier  diffusion  have  been  investigated  both  experimentally  and 
theoretically.  Analysis  of  the  QD  emission  enhancement  as  a  function  of  distance  reveals  a  Forster 
radius  of  3.85  d=  0.15  nm,  a  near-field  decay  length  of  4.8  ±  0.1  nm  and  an  effective  carrier  diffusion 
length  of  64.0  ±3.0  nm.  Theoretical  study  of  the  temporal-evolution  of  the  electron-hole  occupation 
number  of  the  excited  states  of  the  QDs  indicates  that  the  emission  enhancement  trend  is  determined 
by  the  carrier  diffusion  and  capture  rates. 


Excitons  and  localized  surface  plasmons  are  the  two  fundamental  excitation  characteristics  of  nanoscale  materials. 
The  coupling  between  excitonic  and  plasmonic  materials  promises  control  of  photon  emission1-3  and  creation  of 
new  metamaterial  properties4, 5  that  do  not  exist  in  nature.  Fundamental  understanding  of  exciton-plasmon  inter¬ 
action  can  lead  to  development  of  efficient  photovoltaics6-8,  photo  detectors9, 10,  photocatalysis11, 12  and  other  opto¬ 
electronic  devices.  Classic  experiments  on  exciton-plasmon  interactions  have  often  used  optically  transparent 
spacer  materials  between  the  plasmonic  metal  and  excitonic  semiconductor  materials1, 3>  13, 14.  Coupling  through 
optically  transparent  spacers  does  not  allow  studying  charge  transport  process.  On  the  other  hand,  studies  on 
plasmon  enhanced  near-infrared  photo-detectors  are  focused  on  coupling  metallic  two-dimensional-hole-arrays 
with  layered  semiconductor  materials  such  as  InAs/InGaAs/GaAs  dot-in-a-well  (DWELL)  structures9, 15.  This 
enhancement  mechanism  exploits  the  extraordinary  optical  transmission  effect16,  where  the  transmitted  field 
extends  to  about  1  [im  length  covering  the  whole  active  region15,  and  does  not  allow  fundamental  understanding 
of  localized  exciton  generation,  charge  carrier  diffusion  and  recombination. 

In  this  work,  energy  transfer  and  charge  carrier  diffusion  are  investigated  systematically  taking  advantage 
of  the  tight  electric  field  localization  at  the  interfaces  of  plasmonic  gold  nanorods  (AuNRs)  and  semiconductor 
GaAs  that  is  grown  over  the  InAs/InGaAs  DWELL  with  accurate  control  of  the  GaAs  thickness.  When  excitation 
energy  that  is  above  the  GaAs  band  gap  is  chosen,  the  localized  electric  field  enhances  generation  of  electron-hole 
pairs  (excitons)  in  a  defined  spatial  region  away  from  the  InAs  QDs  so  that  carrier  diffusion  and  capture  rates  are 
studied  by  monitoring  the  emission  intensity  of  the  QDs.  The  fact  that  the  GaAs  thickness  can  be  controlled  with 
sub-nanometer  accuracy  allows  us  to  study  the  distance  dependencies  of  near-field  confinement,  carrier  diffusion 
and  excitation  energy  transfer  to  the  metal  surface  that  leads  to  quenching  of  photoluminescence  (PL)  at  short 
AuNR-InAs  separation  distances. 
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Figure  1.  Integration  of  semiconductor  and  plasmonic  materials  for  the  studies  of  plasmon  enhanced  exciton 
generation  and  photon  emission,  (a)  Schematic  showing  the  InAs  quantum  dots  (QDs)  confined  in  an  InGaAs 
quantum  well,  capped  with  GaAs  of  variable  thickness  ( d )  and  coupled  to  a  single  gold  nanorod  (AuNR).  The 
short  lines  around  the  colloidal  AuNR  represent  the  surface  ligands  (cetyltrimethylammonium  bromide).  The 
plasmon  near-field  enhances  electron-hole  pair  generation  in  the  GaAs  and  InGaAs  layers  and  the  enhancement 
of  photon  emission  by  the  InAs  QDs  depends  on  the  carrier  capture  rates  from  the  GaAs  (black  arrow)  and 
from  the  InGaAs  well  (green  arrow)  by  the  QDs.  (b)  The  energy  level  diagram  shows  that  the  excitation 
energy  (1.96  eV)  is  high  enough  to  promote  electron  from  the  valence  band  to  the  conduction  band  in  any  of 
the  materials  including  the  GaAs  that  has  the  highest  band  gap  energy  (c-e)  Topographic  AFM  scan  images 
obtained  before  the  InGaAs  and  GaAs  layers  are  grown  (d),  after  the  InGaAs  and  GaAs  layers  are  grown  (e),  and 
after  the  AuNRs  are  drop-casted  on  the  GaAs  surface,  (f)  Dark-field  image  of  AuNRs  on  GaAs  surface.  The  color 
of  the  dark-field  images  of  the  individual  AuNRs  varies  from  red  to  green,  depending  on  the  proximity  of  the 
AuNRs  to  the  GaAs  surface. 


The  choice  of  the  QDs  as  opposed  to  InGaAs/ GaAs  quantum  well  as  model  system  is  motivated  by  the  more 
efficient  excitation  of  the  QDs  with  in-plane  polarized  electric  field  of  light  at  normal  incidence17-19.  In  addition, 
QDs  can  facilitate  the  theoretical  comparison  as  they  can  be  treated  as  point  dipoles.  We  note  that  the  AuNR 
plasmon  resonances  that  overlaps  with  the  excitation  wavelength  (X  =  633  nm)  are  far  from  the  emission  wave¬ 
length  (\m  1200  nm)  of  the  QDs.  Therefore,  the  PL  enhancement  originates  purely  from  the  enhancement  of 
photoabsorption  and  exciton  generation  inside  the  GaAs  and  InGaAs  layers.  All  the  optical  measurements  have 
been  carried  out  at  room  temperature  at  which  the  thermal  energy  is  larger  than  the  exciton  binding  energy  As  a 
result,  the  excitons  generated  at  the  plasmonic  hot  spots  of  the  AuNR-GaAs  interface  can  dissociate,  and  the  PL 
enhancement  can  be  attributed  to  the  diffusion  of  charge  carriers  (electrons  and  holes)  to  the  InAs  QDs.  When 
the  GaAs  thickness  is  comparable  to  the  near-field  decay  length,  the  near-field  directly  enhances  the  exciton 
generation  inside  the  InAs/InGaAs,  where  electron-hole  recombination  may  dominate  over  exciton  dissociation 
because  of  the  proximity  to  the  emitting  QDs. 

Results  and  Discussion 

The  interfacial  and  energetic  structures  of  the  integrated  plasmonic  and  semiconductor  materials  are  illustrated 
in  the  schematic  shown  in  Fig.  1  (see  Method  for  the  details  of  the  fabrication  and  integration  procedures).  The 
spacing  between  the  GaAs  and  the  AuNR  surfaces  can  vary  depending  on  the  amount  of  surface  ligands  (repre¬ 
sented  by  short  lines  in  Fig.  la)  on  the  colloidal  AuNRs.  The  size  of  the  AuNRs  (nominal  size:  40  nm  diameter 
and  80  nm  length;  see  ref.  20  for  the  size  distribution)  is  chosen  so  that  the  plasmon  resonances  overlap  with  the 
633  nm  excitation  wavelength.  As  illustrated  in  Fig.  lb,  the  excitation  energy  of  the  laser  ( hc/\=  1.96  eV,  where 
h  is  Planck’s  constant  and  c  is  the  speed  of  light)  is  above  the  interband  electronic  transition  energies  of  both 
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Figure  2.  Optical  properties  of  colloidal  AuNRs  deposited  on  GaAs  surface,  (a)  Scattering  spectra  of  individual 
AuNRs  that  appear  red,  orange,  yellow  and  green  in  the  dark-field  image  (shown  with  the  corresponding  colors) 
along  with  the  scattering  spectrum  of  collection  of  AuNRs  (black  curve).  The  black  curve  is  recorded  at  lower 
acquisition  time  to  avoid  detector  saturation  and  the  intensity  is  adjusted  to  match  its  maximum  to  that  of  the 
red  spectrum,  (b)  The  calculated  scattering  cross-section  of  AuNR  (40  nm  x  80  nm)  when  the  AuNR-GaAs  gap 
is  0  (green  line),  0.5  nm  (cyan  line)  and  1.0  nm  (red  line),  (c)  Topography  and  measured  near-field  amplitude  of 
AuNRs  on  GaAs  surface,  (d)  Similar  to  (c)  but  the  AuNRs  are  supported  on  silica  surface.  The  results  in  (c)  and 
(d)  are  obtained  with  the  same  experimental  conditions  and  the  near-field  amplitudes  are  scaled  to  the  same 
maximum,  (e)  The  near-field  amplitude  calculated  on  a  plane  that  cuts  the  AuNR  through  its  center  vertically 
for  AuNR-GaAs  separation  distances  of  0.0,  0.5  and  1.0  nm  as  labeled,  compared  to  the  field  distribution  when 
the  AuNR  is  supported  on  a  silica  surface  (bottom  most  panel). 


GaAs  (-1.43  eV)  and  InGaAs  (~1.26eV)  materials.  Excitation  of  the  localized  surface  plasmon  resonances  of  the 
AuNRs  interfaced  with  the  GaAs  further  enhances  the  exciting  electric  field  and  improves  the  efficiency  of  exciton 
generation.  The  topographic  atomic  force  microscope  (AFM)  image  in  Fig.  lc  shows  that  our  molecular  beam 
epitaxy  crystal  growth  procedure  produces  close-packed  self-assembled  InAs  QDs.  The  growth  of  the  InGaAs  and 
GaAs  layers  results  in  a  planar  surface  as  seen  in  Fig.  Id.  The  topographic  image  of  the  region,  where  an  aqueous 
solution  of  gold  nanorods  is  drop-casted  on  the  GaAs  surface  shows  randomly  distributed  individual  AuNRs  and 
some  aggregates  as  shown  in  Fig.  le.  The  distribution  of  the  AuNRs  over  a  larger  area  is  displayed  in  the  diffrac¬ 
tion  limited  dark-field  scattering  image  in  Fig.  If.  In  agreement  with  previous  observations  on  silicon  substrate21, 
the  dark-field  images  of  individual  AuNRs  on  GaAs  surface  have  doughnut  shaped  structures.  Interestingly,  the 
color  of  the  scattering  images  of  the  individual  AuNRs  ranges  from  red  to  green  (see  the  inset  image  in  Fig.  If), 
which  can  be  sorted  as  red,  orange,  yellow  and  green  (ROYG). 

Single  particle  scattering  spectra  have  been  recorded  from  the  particles  that  appear  red,  orange,  yellow 
and  green  in  the  dark-field  image,  and  representative  results  are  presented  in  Fig.  2a  (using  the  corresponding 
line  color),  along  with  the  scattering  spectrum  of  ensemble  of  the  AuNRs  (black  curve).  The  plasmon  scatter¬ 
ing  spectra  of  the  red  particles  have  666  ±  17nm  peak  wavelength  and  81  ±  5  nm  full-width-at-half  maximum 
(FWHM),  compared  to  628  nm  average  peak  wavelength  and  52  nm  FWHM  for  the  same  size  AuNRs  on  a  glass 
substrate,  which  have  been  characterized  under  the  same  optical  settings.  The  significant  red-shift  and  broader 
FWHM  of  the  AuNR  resonances  on  GaAs  compared  to  that  on  glass,  can  respectively  be  attributed  to  the  high 
refractive  index  and  the  dissipative  property  of  the  GaAs  substrate  as  can  be  realized  from  its  dielectric  function 
(£GaAS—  14.83  +  il. 52  at  632.8  nm  excitation  wavelength).  As  seen  in  Fig.  2a,  the  spectra  are  progressively  broad¬ 
ened  as  the  color  changes  from  red  to  orange  and  to  yellow.  Finally  spectral  splitting  is  observed  for  the  green 
particles  that  have  very  weak  overall  scattering  intensity  The  theoretical  scattering  spectra  (Fig.  2b),  calculated 
using  finite- difference  time  domain  (FDTD)  method  of  electromagnetic  simulation,  agree  with  the  measured 
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spectra  (Fig.  2a)  of  the  red  particles  when  there  is  0.5  to  1.0  nm  gap  between  the  AuNR  and  GaAs  surfaces.  The 
spectra  of  the  green  particles  is  reasonably  reproduced  in  the  simulation  when  the  AuNR  is  in  direct  contact  with 
the  GaAs  surface  as  shown  by  the  green  curve  in  Fig.  2b:  the  longitudinal  plasmon  resonance  shifts  to  the  red  by 
about  150nm  with  respect  to  that  supported  on  glass  surface,  and  a  substrate- induced  plasmon  resonance21,22 
appears  around  600  nm.  Based  on  this  comparison  of  experimental  and  theoretical  results,  the  ROYG  color  can 
be  attributed  to  different  proximity  of  the  AuNRs  to  the  GaAs,  R  being  the  furthest  from  the  surface  and  G  the 
closest.  The  variation  in  the  separation  distances  can  mainly  be  attributed  to  different  amounts  of  the  surface 
ligands  (cetyltrimethylammonium  bromide)  on  the  colloidal  gold  nanorods.  In  our  study  of  plasmon  enhanced 
exciton  generation  and  diffusion,  the  illumination  area  is  relatively  large  (~3  mm2),  and  therefore,  the  enhance¬ 
ment  results  from  ensemble  averaging  represented  by  the  black  spectrum  in  Fig.  2a. 

High  resolution  electric  field  imaging  using  our  apertureless  near-field  scanning  optical  microscope 
(ANSOM)23,24  shows  very  weak  near-field  amplitude  on  the  gold  nanorods  when  supported  on  GaAs  (Fig.  2c), 
compared  to  the  large  near-field  amplitude  of  the  dipolar  mode  for  the  AuNRs  supported  on  a  silica  surface 
(Fig.  2d),  which  shows  orientation  dependent  near-field  optical  response  in  agreement  with  our  previous  results20. 
This  weaker  near-field  amplitude  for  AuNR-GaAs  than  for  AuNR-Si02  is  in  contrast  to  our  observation  of  a  much 
stronger  scattering  intensity  for  AuNRs  on  GaAs  than  for  those  on  silica  surfaces.  The  results  of  the  FDTD  simu¬ 
lation  displayed  in  Fig.  2e  shows  that  the  electric  field  is  tightly  localized  at  the  AuNR  -  GaAs  interfacial  region. 
This  tight  electric  field  localization  is  significantly  different  from  that  observed  when  the  AuNR  are  supported  on 
the  Si02  substrate,  where  the  electric  field  amplitude  at  the  AuNR-Si02  interface  is  comparable  to  the  amplitude 
on  the  top  surface  (AuNR-air  interface).  This  drastically  different  field  localization  results  in  weaker  near-field 
amplitude  in  the  ANSOM  data  for  the  AuNRs  on  the  GaAs  because  the  electric  field  localized  at  the  AuNR-GaAs 
interfacial  region  is  about  40  nm  (the  nominal  diameter  of  the  AuNRs)  away  from  the  near-field  probing  tip,  and 
it  is  inaccessible  by  the  ANSOM  imaging  technique.  However,  this  electric  field  localization  is  advantageous  for 
enhancing  exciton  generation  in  the  GaAs  layer  very  close  to  the  interface  and  for  studying  energy  transfer  and 
carrier  diffusion  as  discussed  next. 

The  PL  enhancement/ quenching  as  a  function  of  GaAs  thickness  d  (as  defined  in  Fig.  la)  is  studied  by  com¬ 
paring  the  PL  intensity  ( hnAs/AuNR )  of  the  region  where  the  AuNRs  are  deposited  to  the  intensity  (IInAs)  of  the  region 
where  there  are  no  AuNRs.  Representative  PL  spectra  of  the  two  regions  are  compared  in  Fig.  3a  considering  a 
6  nm  GaAs  thickness.  In  each  case,  15  to  20  spectra  are  acquired  by  irradiating  different  areas  in  the  respective 
regions,  and  the  spectra  with  minimum  and  maximum  peak  intensities  along  with  the  average  data  are  plotted 
in  Fig.  3a.  In  the  absence  of  the  AuNRs,  no  significant  intensity  fluctuation  is  observed  as  indicated  by  a  standard 
deviation  that  is  not  much  larger  than  the  symbols  (black  triangle,  in  Fig.  3a),  indicating  the  uniformity  of  the 
InAs  QD  number  density  within  the  irradiation  volume.  Comparing  the  red  and  black  curves  in  Fig.  3a,  it  can 
be  seen  that  the  weakest  PL  intensity  obtained  in  the  presence  of  the  AuNRs  is  significantly  stronger  than  the 
highest  PL  intensity  obtained  from  the  region  without  the  AuNRs.  The  intensity  fluctuation  for  the  regions  where 
there  are  AuNRs  (red  lines)  is  due  to  the  difference  in  the  number  density  and  aggregation  of  AuNRs  at  different 
locations.  However,  this  intensity  fluctuation  is  minor  considering  the  spatial  variation  of  the  gold  nanorod  ori¬ 
entation  and  number  density  at  the  nanoscale  as  shown  in  Fig.  le.  The  reproducibility  of  the  relative  intensity  at 
different  locations  is  due  to  a  large  illumination  area  that  provides  statistical  representation  of  the  distribution  of 
orientation  and  aggregation. 

Similar  comparison  as  presented  in  Fig.  3a  has  been  repeated  for  d—  1.5  nm  to  196  nm  and  the  results  are 
discussed  in  terms  of  an  emission  enhancement  factor  (EF)  as  follows.  The  EF  for  the  samples  with  different  GaAs 
thicknesses  is  evaluated  independently  by  calculating  the  integrated  PL  intensity  ratio  as  follows. 


EF  = 


1  InAs /AuNR 


(1) 


Both  the  average  (black  circles)  and  maximum  (red  triangles)  EF  values  are  plotted  in  Fig.  3b.  As  seen  in  the 
figure,  the  enhancement  factor  first  increases  exponentially  with  decreasing  distance  until  d  =  6  nm  and  then 
decreases  rapidly  for  shorter  distances.  The  general  trend  is  in  good  agreement  with  the  observation  of  fluores¬ 
cence  enhancement  and  quenching  by  a  gold  nanosphere  reported  by  Novotny  and  co-workers14.  However,  unlike 
in  the  previous  report  (where  the  spacing  medium  is  air),  in  our  study  the  emitter  and  the  plasmonic  nanostruc¬ 
tures  are  separated  by  GaAs,  whose  dielectric  and  absorption  property  at  the  excitation  wavelength  can  change 
the  enhancement  mechanism  fundamentally 

The  results  presented  in  Fig.  2e  indicates  a  very  short  decay  length  of  the  plasmon  near-field  into  the  GaAs, 
which  results  in  enhanced  electron-hole  generation  close  to  the  AuNR-GaAs  interface.  Based  on  the  observation 
in  Fig.  3b  and  the  tight  near-field  localization  at  AuNR-GaAs  interface,  the  net  emission  enhancement  is  expected 
to  involve  the  following  distance  dependent  processes:  (i)  Forster  energy  transfer  -  at  short  distances,  excitation 
energy  transfer  from  the  QDs  to  the  metal  surfaces  of  AuNRs  can  be  the  dominant  process,  which  results  in 
reduced  emission  intensity,  (ii)  near-field  enhanced  electron-hole  generation  inside  the  InGaAs  and  efficient 
carrier  capture  by  the  QDs,  and  (iii)  enhanced  electron-hole  generation  at  the  AuNR-GaAs  interface,  carrier  dif¬ 
fusion  through  the  bulk  GaAs  and  capture  by  InAs/InGaAs.  To  extract  the  length  scales  of  these  processes  from 
the  experimental  enhancement  factor  (EF)  presented  in  Fig.  3b,  we  propose  the  following  equation. 


EF=  an  +  a,-J- — -r  +  a2e~dlD 1  +  a,e~d,I>2 

d6  +  d*  1  (2) 

where  a0  is  an  arbitrary  constant  that  displaces  the  theoretical  values  so  that  the  experimental  and  theoretical  val¬ 
ues  are  plotted  on  the  same  scale.  The  second  term  is  the  Forster  formula  that  describes  the  efficiency  of  excitation 
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Figure  3.  Emission  enhancement  and  distance  dependence,  (a)  Photoluminescence  acquired  from  different 
locations  where  there  are  no  AuNRs  (black  lines)  and  where  there  are  AuNRs  (red  lines)  for  6  nm  GaAs 
thickness  ( d )  as  an  example,  (b)  Integrated  intensity  ratio  (enhancement  factor)  as  a  function  of  d.  The  error 
bars  on  the  average  data  points  (black  circles)  represent  one  standard  deviation.  The  maximum  enhancement 
factors  (red  triangles)  represent  the  ratios  of  the  integrated  intensities  of  the  highest  intensity  spectra  obtained 
in  the  presence  and  absence  of  AuNRs  for  different  GaAs  thicknesses.  The  solid  blue  line  is  obtained  by  fitting 
equation  (2)  to  the  average  data,  (c)  Calculated  emission  spectra  of  InAs  QDs  for  d  =  7.5  nm  in  the  presence 
(red  line)  and  absence  (black  line)  of  AuNRs.  (d)  Calculated  enhancement  factor  (ratio  of  emission  intensities) 
plotted  as  a  function  of  d. 


energy  quenching  at  short  distances;  the  third  term  accounts  for  the  near-held  decay  length  with  distance  away 
from  the  AuNR-GaAs  interface;  and  the  fourth  term  accounts  for  the  net  carrier  diffusion  length  (rate  of  diffusion 
in  the  bulk  GaAs  and  capture  by  the  QD).  The  coefficients  an{n  =  1  —  3)  are  amplitude  adjustment  constants.  The 
parameter  values  d0  =  3.9  nm  (Forster  radius),  Dx  =  4.8  nm  (near-held  decay  length),  and  D2  =  64  nm  (carrier 
diffusion  length)  produce  a  very  good  ht  of  Eq.  2  to  the  average  enhancement  factor  as  shown  by  the  blue  line 
in  Fig.  3b.  It  is  important  to  note  that  the  near-held  felt  by  the  InGaAs  (and  hence  the  electron-hole  generation) 
increases  exponentially  with  decreasing  GaAs  thickness  according  to  the  third  term  in  equation  (2).  The  spacer 
layer  thickness  that  gives  maximum  enhancement  is  determined  by  the  competition  between  the  Forster  quench¬ 
ing  and  the  near-held  enhancement  terms.  The  physical  relevance  of  the  parameters  in  equation  (2)  is  further 
justihed  by  reproducing  the  observed  emission  spectra  theoretically  in  the  absence  and  presence  of  the  AuNRs, 
and  accounting  for  the  emission  enhancement  due  to  direct  near-held  excitation  of  the  InAs/InGaAs  and  due  to 
carrier  diffusion  as  discussed  next.  Further  experimental  data  that  conhrms  the  contribution  of  carrier  diffusion 
is  presented. 

The  net  emission  rate  in  the  illumination  area  for  all  the  QDs  ( R )  results  from  the  competition  between  the 
rates  of  spontaneous  emission  ( R )  and  excitation  energy  quenching  (Q),  and  can  be  calculated  as  R  =  a(R  —  Q), 
where  a  is  the  areal  density  of  the  quantum  dots.  The  net  emission  spectrum  of  the  quantum  dots  in  the  region 
where  the  AuNRs  are  dispersed  can  be  expressed  as 
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Figure  4.  Incident  laser  power  dependence  and  carrier  diffusion.  PL  plotted  as  a  function  of  laser  power  for 
GaAs  thicknesses  of  (a)  1.5  nm,  (b)  4nm,  and  (c)  6nm  in  the  presence  (red  circles)  and  absence  (black  squres) 
of  AuNRs.  In  the  absence  of  the  AuNRs,  the  PL  intensity  has  a  linear  dependence  on  the  incident  power  for  all 
GaAs  thicknesses.  In  the  presence  of  the  AuNRs,  the  intensity  varies  with  laser  power  quadratically,  and  the 
degree  of  nonlinearity  increases  with  the  thickness  of  GaAs  as  can  be  seen  by  comparing  the  relative  values  of 
the  coefficients  of  the  linear  and  the  quadratic  terms  in  (a)  to  (c).  (d)  Calculated  capture  rates  by  two  lowest 
electron  (e)  and  hole  (h)  energy  levels  of  a  QD  for  electrons  and  holes  generated  inside  GaAs  as  a  function  of 
d  (GaAs  thickness),  (e)  Calculated  distance  dependence  of  capture  rates  by  two  lowest  QD  electron  and  hole 
levels  generated  inside  the  InGaAs  quantum  well  (the  trend  shows  near-held  enhanced  electron-hole  generation 
inside  InGaAs). 
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[du  duj 
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where  rj  is  the  fraction  of  the  area  covered  by  the  AuNRs,  and  R°  and  Q°  represent  the  emission  and  quenching 
rates,  respectively,  of  the  QDs  in  the  absence  of  the  AuNRs.  The  details  of  the  calculations  are  provided  in  the 
Supplementary  Information  along  with  the  relevant  refs  25, 26.  In  agreement  with  the  experimental  observation, 
for  a  certain  range  of  GaAs  thickness,  the  theoretical  calculation  indicates  enhanced  emission  intensity  in  the 
presence  of  AuNRs  as  illustrated  in  Fig.  3c.  Plotting  the  ratio  of  the  peak  intensities  with  respect  to  the  GaAs 
thickness,  the  theoretical  enhancement  factor  peaks  at  d  =  7.5  nm  as  shown  in  Fig.  3d,  which  is  in  good  agreement 
with  the  experimental  result  presented  in  Fig.  3b. 

As  mentioned  above,  enhanced  electron-hole  generation  at  the  AuNR-GaAs  interface,  carrier  diffusion 
through  the  bulk  GaAs,  direct  excitation  of  the  InGaAs  quantum  well  and  carrier  capture  by  the  InAs  QDs  are 
suggested  as  key  processes  that  lead  to  enhanced  photon  emission  by  the  QDs.  Experimental  evidence  about  the 
emission  enhancement  mechanism  can  be  obtained  by  analyzing  the  PL  intensity  dependence  on  the  incident 
laser  power  for  different  thicknesses  of  GaAs  as  presented  in  Fig.  4a-c.  For  a  thickness  of  1.5  nm,  the  intensity  is 
lower  in  the  presence  of  AuNRs  because  of  the  dominance  of  excitation  energy  transfer  from  the  QD  to  the  metal 
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surface  that  results  in  reduced  QD  PL  intensity.  However,  in  both  cases  (in  the  absence  and  presence  of  AuNRs), 
the  PL  intensity  increases  linearly  with  the  incident  laser  power  as  shown  in  Fig.  4a.  When  the  thickness  of  the 
GaAs  is  increased  to  4  nm  (Fig.  4b)  and  6  nm  (Fig.  4c),  the  PL  intensity  in  the  presence  of  the  AuNR  increases  with 
laser  power  quadratically,  while  in  the  absence  of  the  AuNRs,  the  trend  remains  linear  for  all  thicknesses.  Fitting 
a  second  order  polynomial  equation  to  the  data,  it  can  be  seen  that  the  quadratic  character  increases  with  increas¬ 
ing  GaAs  thickness  as  can  be  quantified  from  the  relative  values  of  the  coefficients  shown  on  the  corresponding 
figures.  The  high  degree  of  nonlinear  dependence  of  the  PL  intensity  on  laser  power  for  thicker  GaAs  capping 
layer  clearly  indicates  that  the  observed  emission  enhancement  can  be  attributed  to  near-field  enhanced  exciton 
generation  at  the  AuNR- GaAs  interfaces,  and  the  GaAs  capping  layer  is  mediating  the  exciton-plasmon  coupling 
between  the  AuNR  and  InAs  QDs  through  carrier  diffusion,  capture  and  recombination  processes. 

The  carrier  diffusion  and  capture  processes  have  been  theoretically  investigated  by  describing  the  temporal 
evolution  of  the  electron-hole  occupation  number  (N)  of  the  QD  excited  states  using  a  dynamical  equation  and 
including  the  plasmon  near-field  effect  on  the  absorption  and  emission  property  of  the  QDs25,27.  For  the  first 
excited  state  of  a  QD,  the  temporal  evolution  of  the  occupation  number  (A^)  is  described  as 


dN? 

dt 


t)I0(f2,  d) 

nn 


-  Kit)  +  [1  -  N{*(t)] 


(4) 


where  a  represents  electrons  or  holes,  Q  is  the  angular  frequency  of  the  incident  photons,  I0(fi,  d )  is  the  electric 
field  intensity  experienced  by  the  QD  at  thickness  d,H  =  —  (where  h  is  Planck’s  constant),  (3  is  the  absorption 
coefficient  of  the  QD,  7Z  is  the  rate  of  spontaneous  emission,  7  and  k,  are  the  rate  of  capturing  carriers  from  the 
bulk  GaAs  and  the  InGaAs  well  by  the  QD,  respectively,  and  m=  1,2,  . . .,  M  are  quantum  numbers  of  all  the 
bound  energy  states.  The  details  of  the  calculation,  including,  the  dynamical  equation  for  the  second  and  higher 
excited  states  are  provided  in  the  Supplementary  Information.  The  capture  rates  of  the  carriers  by  the  QD  from 
the  bulk  GaAs  and  InGaAs  well  are  plotted  as  a  function  of  GaAs  thickness  in  Fig.  4d  and  e,  respectively  As 
shown  in  Fig.  4d,  the  carrier  capture  rate  from  the  bulk  GaAs  decreases  rapidly  for  d  <  10  nm  because  for  this 
thickness,  the  contribution  of  carrier  diffusion  is  insignificant.  The  electron-hole  (e-h)  capture  rates  remain  high 
up  to  50  nm  and  decreases  slowly  as  the  thickness  increases  further,  which  is  in  agreement  with  the  experimen¬ 
tally  observed  broad  carrier  diffusion  profile  in  GaAs28.  In  contrast,  the  direct  near-field  excitation  of  InGaAs  and 
the  electron  and  hole  capture  rates  increases  exponentially  as  the  GaAs  thickness  decreases  as  seen  in  Fig.  4e.  The 
theoretically  calculated  result  (the  trend  in  Fig.  4e)  justifies  the  physical  relevance  of  the  near-field  decay  length 
(Dx)  defined  in  equation  (2).  Comparing  the  scales  on  the  y-axes  in  Fig.  4d  and  e,  it  can  be  seen  that  the  magni¬ 
tude  of  the  capture  rate  from  the  InGaAs  layer  is  significantly  higher  than  that  from  the  bulk  GaAs,  suggesting 
that  the  apparent  emission  enhancement  trend  is  mainly  determined  by  the  carrier  capture  rate  from  the  imme¬ 
diate  capping  layer.  However,  as  shown  in  Fig.  3d,  the  decay  length  of  the  emission  enhancement  is  longer  than 
that  of  the  carrier  capture  rate  from  the  InGaAs  layer  (Fig.  4d),  indicating  that  the  net  enhancement  effect  results 
from  the  contribution  of  the  capture  rates  from  the  InGaAs  and  GaAs  layers.  Overall,  the  trend  obtained  from  the 
theoretical  calculations  is  in  accordance  with  the  parameterized  equation  (2),  and  further  confirms  the  impor¬ 
tance  of  the  carrier  capture  rates  from  the  InGaAs  and  GaAs  in  determining  the  observed  enhanced  photon 
emission  by  the  InAs  QDs.  We  note  that  the  experimental  decay  length  of  the  emission  enhancement  (Fig.  3b)  is 
longer  than  that  of  the  theoretical  decay  length  (Fig.  3d).  Our  theoretical  modeling  neglects  the  capture  of  carriers 
by  the  InGaAs  quantum  well  from  the  GaAs  layer,  which  becomes  significant  when  direct  excitation  of  the 
InGaAs  quantum  well  is  not  dominant.  This  could  enhance  the  diffusion  current  in  the  GaAs  layer  and  slow  down 
the  rapid  decay  of  the  theoretical  EF  presented  in  Fig.  3d. 


Conclusion 

In  summary,  we  have  presented  the  first  systematic  study  of  enhanced  localized  exciton  generation,  carrier 
diffusion  and  recombination  experimentally  and  theoretically  Using  GaAs  as  an  active  mediator  of  the  inter¬ 
action  between  plasmonic  nanostructures  and  quantum  dots  embedded  in  an  InGaAs  capping  layer,  we  have 
observed  a  distance  dependent  emission  enhancement  that  is  attributed  to  enhanced  exciton  generation  at  the 
metal- semiconductor  interfacial  regions.  The  experimental  observations  are  reproduced  theoretically  describing 
the  temporal  evolution  of  charge  carriers  in  the  first  and  second  excited  states.  The  length  scales  of  the  near-field 
enhanced  exciton  generation,  the  Forster  energy  transfer  that  leads  to  excitation  energy  transfer  to  the  metal  sur¬ 
face  at  short  distances,  the  electron  and  hole  capture  rates  by  the  quantum  dots  from  the  bulk  GaAs  and  InGaAs 
capping  layers  are  determined.  The  result  presented  here  has  a  potential  for  opening  new  research  directions  and 
may  lead  to  improved  detection  efficiency  using  the  optical  properties  of  near-field  enhancement  effect  of  plas¬ 
monic  nanoparticle. 


Methods 

Fabrication  and  integration  of  materials.  The  InAs/InGaAs/GaAs  semiconductor  materials  are  grown 
using  a  molecular  beam  epitaxy  (MBE)  reactor  on  GaAs  (001)  substrates.  First,  the  GaAs  substrate  is  thermally 
treated  at  630  °C  for  20  min  to  remove  the  native  oxide.  The  surface  is  then  smoothed  by  growing  a  150  nm  thick 
GaAs  at  580  °C.  Subsequent  growth  of  InGaAs,  InAs  and  1.5  nm  GaAs  at  475  °C  results  in  the  InAs  QDs  confined 
in  the  higher  band  gap  InGaAs  and  GaAs  materials.  An  additional  GaAs  layer  of  different  thickness  is  grown  (at 
580  °C)  for  studying  the  distance  dependence  of  the  charge  carrier  generation  and  diffusion.  After  removing  the 
excess  surfactant  from  the  commercially  obtained  gold  nanorod  solution  (Nanopartz  Inc.)  through  centrifuga¬ 
tion  and  re-suspension  in  water,  the  plasmonic  gold  nanorods  (AuNRs)  are  dispersed  on  the  GaAs  surface  by 
drop-casting  and  drying  the  aqueous  solution.  Tie  AuNRs  are  applied  only  on  a  smaller  portion  of  the  sample 
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so  that  the  emission  intensity  can  be  compared  by  recording  the  photoluminescence  (PL)  spectra  from  the  two 
regions  (with  and  without  AuNRs). 

Far-field  and  near-field  optical  characterizations.  The  photoluminescence  (PL)  spectra  of  the  InAs/ 
InGaAs/GaAs  quantum  dot-  in-a-well  are  acquired  at  room  temperature  using  a  conventional  lock-in  technique 
and  a  modulated  HeNe  laser  (X  =  632.8  nm,  average  power  of  5  mW)  for  excitation.  Emission  from  the  sample 
was  dispersed  by  a  0.3  m  grating  monochromator  and  detected  using  a  near-infrared  detector.  The  dark-field  scat¬ 
tering  images  of  the  gold  nanorods  are  obtained  using  a  GX51  Olympus  microscope.  After  the  dark-field  images 
are  obtained,  single  particle  scattering  spectra  are  recorded  by  centering  the  individual  gold  nanorods  in  the  focus 
of  the  collection  objective  and  directing  the  scatted  light  into  a  spectrometer  (Isoplane  Spectrograph  of  Princeton 
Instruments)  that  is  equipped  with  a  thermo  electrically  cooled  (—75  °C)  deep  depleted  CCD  camera. 

Topographic  and  near-field  optical  characterizations.  The  topographic  and  near-field  optical  images 
are  obtained  using  an  integrated  AFM/Near- field  system  (Neaspec,  GmbH).  To  avoid  distortion  of  the  plasmon 
mode  profiles  of  the  samples,  the  near-field  optical  images  of  the  gold  nanorods  are  obtained  implementing  an 
orthogonal  excitation  and  detection  scheme.  That  is,  the  sample  is  excited  with  an  incident  laser  (X  =  632.8  nm) 
that  is  polarized  perpendicular  to  the  AFM  tip  (Arrow-NCPt)  and  vertically  polarized  scattered  light  is  selectively 
detected  as  described  in  ref.  20. 

Electromagnetic  simulation.  The  scattering  and  near-field  experimental  results  are  reproduced  in  electro¬ 
magnetic  simulation.  The  electromagnetic  simulation  is  carried  out  using  finite- difference  time  domain  (FDTD) 
method,  which  is  implemented  using  a  commercial  software  package  (Lumerical  Solutions,  Inc.).  A  total-field 
scattered  field  source  scheme  is  used  to  introduce  light  energy  into  the  simulation  region,  where  the  grid  size  is 
0.5  nm  for  all  x-,  y-  and  z-axes. 

Theory.  Theoretical  formalisms  that  describe  the  carrier  dynamics  in  the  InAs  quantum  dots  and  the  photon 
emission  enhancement  mechanism  are  presented  in  the  Supplementary  Materials. 
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List  of  Abbreviations 


LA 

laser  ablation 

LIBS 

laser-induced  breakdown  spectroscopy 

MALDI 

matrix-assisted  laser  desorption  and  ionization 

CW 

continuous  wave 

SERS 

surface  enhanced  Raman  scattering 

ANSOM 

apertureless  near-field  scanning  optical  microscope 

MB 

methylene  blue 

AFM 

atomic  force  microscope 

BS 

beamsplitter, 

P 

polarizer 

HWP 

half  waveplate 

QWP 

half  waveplate 

QCL 

quantum  cascade  laser 

PMMA 

poly(methyl  methacrylate) 

AuNR 

gold  nanorod 

AuNS 

gold  nanosphere 

CCD 

charge  coupled  device 

NA 

numerical  aperture 

41 


Approved  for  public  release;  distribution  is  unlimited. 


DISTRIBUTION  LIST 


DTIC/OCP 

8725  John  J.  Kingman  Rd,  Suite  0944  Ft 
Belvoir,  VA  22060-6218  Icy 

AFRL/RVIL 

Kirtland  AFB,  NM  87117-5776  2  cys 

Official  Record  Copy 

AFRL/RVBYC/Dr.  Christopher  Annesley  Icy 


42 


Approved  for  public  release;  distribution  is  unlimited. 


